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RÉSUMÉ
Au cours de la dernière décennie, l’intérêt pour les véhicules à piles s’est accru. En 1997,
Padhil(Padhi et al., 1997) a proposé pour la première fois que le modèle LiFePO4 vêtu de
carbone (LFP) pourrait devenir un excellent matériau pour la cathode. Comparé à d’autres
matériaux de cathode tels que LiCoO2, LiMn2O4, le LFP est moins dommageable pour l’en-
vironnement, sécuritaire et thermiquement stable. Les batteries au LFP, en raison de leurs
propriétés électriques, ainsi que l’abondance en fer et la faible toxicité du matériau, ont par
conséquent été considérés comme l’un des composants les plus prometteurs pour la cathode.
Depuis lors, de nombreux chercheurs ont travaillé sur l’utilisation du modèle LFP en tant
que matériau de cathode de batterie pour les véhicules électriques (VE). Il ne fait aucun
doute que la commercialisation du VE apporte un intérêt économique substantiel. Ainsi, les
batteries Li-ion (LIB) pour véhicules électriques sont maintenant confrontées au défi de la
réduction des coûts(Liu et al., 2011). Zion Market Research a estimé qu’en 2022, la valeur
marchande des batteries lithium-ion pour véhicules électriques serait de $67.7 milliards de
dollars, contre $35.4 milliards en 2017.
Cependant, rien n’est parfait, le LFP présente un défaut bien connu : sa conductivité élec-
trique est faible. Et par rapport aux autres batteries au lithium, la faible diffusion du lithium
réduit les performances de ces batteries. Le défi de la faible diffusivité ionique a une solu-
tion : diminuer la taille des particules de LFP à 200 nm. La voie de synthèse à l’état fondu
récemment proposée, une approche descendante, permet de réduire progressivement la taille
pour atteindre cette taille de particule primaire. Pour obtenir de bonnes performances de dé-
charge, la perte lithium-ion et les défauts cristallins doivent être minimisés. Selon le procédé
de revêtement de carbone suivant le broyage, la surface des particules de LFP doit également
être lisse. En outre, l’énergie de broyage et le débit sont essentiels au maintien de l’avantage
en coûts de matière.
Avant de commencer, la taille des particules étant le caractère physique le plus crucial pour
cette étude, nous avons effectué une recherche exhaustive sur un analyseur essentiel de la
diffraction au laser, comme le deuxième chapitre intitulé "Méthodes expérimentales en génie
chimique : Distribution granulométrique par diffraction laser - PSD " Les techniques de me-
sure de la distribution granulométrique (PSD) comprennent des opérations physiques telles
que le tamisage et la sédimentation, et des techniques spectroscopiques telles que l’analyse
d’images par diffraction laser basée sur la microscopie optique et électronique et les instru-
ments à zone électro. L’analyse par diffraction laser (LDA) est un outil instantané, facile
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d’accès, pratique et non destructive pour évaluer le PSD des poudres inorganiques. Elle me-
sure l’angle de diffusion et l’intensité de la lumière après son passage dans des dispersions
de particules diluées en suspension dans un gaz ou un liquide. La théorie de Mie est une
solution exacte pour résoudre l’intensité de diffraction de la lumière causée par des particules
auxquelles elle s’applique tandis que l’approximation de Fraunhofer ne s’applique qu’aux par-
ticules supérieures à 20 µm. L’intervalle de confiance à 95 % de cinq mesures de polyèdres de
forme irrégulière de 95 % et 0.1 µm était de ±2.5 %.
Avec une meilleure compréhension du PSD, nous optimisons d’abord le moulin en milieu
humide. Nous commençons par démontrer qu’un moulin en milieu aqueux réduit la poudre
de LFP de 27 µm (d50) à 0.2 µm. Nous avons appliqué un plan expérimental de Taguchi pour
évaluer l’effet de la charge en LFP (20 % à 30 %), de la taille des billes en zirconium stabilisé à
l’yttrium (YSZ) (0.3 mm à 0.5 mm), du rapport massique surfactant / LFP (0 à 0,008), et du
taux de rotation du broyeur (40 Hz à 80 Hz) en fonction du débit et de l’énergie de broyage
effective. Les résultats ont ensuite montré que le milieu YSZ de 0.3 mm réduisait la poudre de
LFP à un débit spécifique de 0.40 kgLFP/kgmédia/h pour une charge de LFP de 0,30 (fraction
massique de LFP sur suspension), un rapport de masse de surfactant sur LFP de 0,008 et une
vitesse de rotation du broyeur de 60 Hz. Dans ces conditions, l’énergie de broyage effective
était de 0.32 kWh/kgLFP. Nous avons également simulé le PSD avec le modèle de balance
de population Austin II. Celui-ci caractérise l’évolution de la distribution granulométrique
dans le temps : l’écart entre le modèle et les données expérimentales était de 0.026 µm pour
chacune des fractions de particules d10, d50 and d90. Ce modèle empirique décrit le débit pour
toute taille de particule cible donnée dans les conditions de fonctionnement optimales.
À la suite de cela, il nous semblait avoir atteint les conditions optimales pour le broyage
en milieu humide. Fallait-il optimiser le débit, il aurait fallu considérer une source d’éner-
gie supplémentaire. Puisque le broyage en milieu humide broie les solides jusqu’à des tailles
nanométriques, la performance du broyeur dépend de la charge de solide, de la morphologie
des particules, de la concentration en surfactant et des caractéristiques du matériau. Comme
la taille des particules diminue, celles-ci tendent à former des agrégats réduisant l’efficacité
du broyage. Les ultrasons brisent ces agglomérations augmentant ainsi l’efficacité, mais sur-
prenamment, permettent une opération à plus grande concentration de solides. Nous avons
traité des suspensions de LFP avec des billes de zirconium stabilisé à l’yttrium d’une taille
allant de 0.3 mm à 0.4 mm, et un ratio de surfactant sur LFP de 0.008. Cette méthode broie
les particules faisant passer la taille de 35 µm à une taille de 0.2 µm en 90 min avec un débit
de 0.68 kgLFP/kgmédia/h. Nous avons également testé les conditions optimales de broyage sur
deux catalyseurs (WO3/TiO2 et un précurseur de pyrophosphate de vanadyl (VPP)) afin de
confirmer les tendances. Nous avons adopté un modèle pour le processus de broyage répétable
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en régime stationnaire avec ultrasons. Selon les images obtenues au MET des particules pri-
maires de catalyseur WO3/TiO2, ils sont beaucoup plus petites (20 nm) que les agglomérats
de particules mesurés par la diffraction du laser (470 nm). La boue de précurseur de VPP
est normalement une suspension instable difficile à broyer. Elle formait des agglomérats avec
de la silice recristallisée et du VPP floculé. La méthode de broyage en milieu humide avec
ultrasons a produit des particules de taille nanométrique( 180 nm), ce qui est autrement im-
possible. Nous avons développé et amélioré le processus de broyage en régime stationnaire
avec ultrasons en employant une modélisation de bilans de population simplifiée. Ce modèle
compte pour R2 > 0.95 de la variance dans les données expérimentales.
Après ce travail, nous avons appliqué le broyage en milieu humide avec ultrasons pour la
synthèse du LFP. Tel que l’ont démontré précédemment les études théorique et expérimentale,
le LFP a une faible conductivité électrique. Combiner ce matériau avec du carbone conducteur
est donc un sujet essentiel. La couche de carbone générée par la combustion de la source de
carbone. Si la source de carbone n’est pas suffisamment bien dispersée autour des précurseurs
du LFP à une couche de carbone non uniforme. Le broyage en milieu humide avec ultrasons
peut être appliqué à la dispersion des nanoparticules. Dans le but d’optimiser les performances
en batterie du LFP, nous avons planifié des expériences par la méthode de Box-Behnken
pour le processus de broyage par billes en milieux humide. Nous avons fait varier le temps
de broyage de 3 à 9 h, les sources de carbone entre le glucose, la lignine et la cellulose, et
l’amplitude des ultrasons pour le traitement entre 0 % à 70 %. Nous avons réduit la taille des
précurseurs du LFP à 100 nm. Puis, les boues obtenues ont été séchées par atomisation et
calcinées à 700 ◦C pendant 8 h afin de synthétiser du LFP enrobé de carbone (C/LFP). Nous
avons ensuite analysé les caractéristiques et déterminé la pureté du matériau de cathode par
XRD, LECO, PSD, BET, et MET. Considérant la taille des cristaux, le volume total des
pores, l’aire de surface, et la capacité de décharge de la batterie, nous avons optimisé les
conditions d’opération du broyage en milieu humide avec ultrasons à 70 % d’amplitude, 9 h
de broyage, avec de la cellulose. Cela peut générer une structure de type ’pommier’ pour le
C/LFP, possédant une couche homogène de carbone de 3 nm, avec une capacité de décharge
de batterie de 100 nm.
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ABSTRACT
Interest has grown in the last decade for battery-powered vehicles. In 1997 Padhil et al.
(Padhi et al., 1997) theorized for the first time that carbon coated LiFePO4 (LFP) had
the potential as an excellent cathode material. Compared to other cathode materials such
as LiCoO2, LiMn2O4, LFP is environmentally friendly, safe and thermally stable. LFP
batteries have been regarded as one of the most promising components for the cathode for
their electrical properties, along with iron abundance and its low toxicity. Many researchers
worked on applying LFP as cathode material in batteries for electric vehicles (EV). There
is no doubt of their commercial interest for the EV market. Thus Li-ion battery (LIB) for
EV are now confronted with the challenge of cost reduction (Liu et al., 2011). Zion Market
Research estimated that in 2022 the market value of lithium-ion batteries for EV would be
$67.7 billion compared to $35.4 billion in 2017.
However, nothing is perfect; LFP has the well-known disadvantage of low electrical con-
ductivity. Furthermore, compared with other lithium batteries, the low lithium diffusion
translates to poorer battery performance. The challenge of low ionic diffusivity has a solu-
tion: micronize LFP particles to 200 nm. The recently purposed melt synthesis pathway, a
top-down approach, enhances size reduction to achieve the primary particle size. To have a
good discharge performance, lithium-ion loss and crystal defects should be minimized. The
carbon coating process requires a smooth LFP particle surface. Furthermore, grinding energy
and throughput are critical to maintain its material cost advantage.
Before starting, since particle size is the most crucial physical characteristic for this study,
we did a comprehensive research on a essential instrument-laser diffraction analyser, as the
second chapter entitled “Experimental Methods in Chemical Engineering: Particle size dis-
tribution by laser diffraction - PSD” Techniques to measure particle size distribution (PSD)
include physical operations like sieving and sedimentation, and spectroscopic techniques like
laser diffraction image analysis based on optical and electron microscopy, and eletcro-zone
instruments. Laser diffraction analysis (LDA) is an instantaneous, user-friendly, convenient,
and non-destructive method to assess the PSD of inorganic powders. It measures the scatter-
ing angle and intensity of light after it passes through diluted particle dispersions suspended
in either a gas or liquid. The Mie theory is an exact solution to resolve the diffraction intensity
of light caused by particles that it is applied to while the Fraunhoffer approximation applies
only to particles greater than 20 µm. The 95 % confidence interval of five measurements of
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56 µm and 0.1 µm irregular shaped polyhedrons was ±2.5 %
With a better understanding of PSD, we first optimize the wet media mill. We start demon-
strating that an aqueous media mill reduces LFP powder from 27 µm (d50) to 0.2 µm. We
applied a Taguchi experimental design to assess the effects of LFP loading (20 % to 30 %),
yttria-stabilized zirconia media (YSZ) size (0.3 mm to 0.5 mm), surfactant-to-LFP mass ra-
tio (0 to 0.008), and mill rotation rate (40 Hz to 80 Hz) on specific throughput and effective
grinding energy. The results showed the 0.3 mm YSZ media reduced the LFP powder to a
specific throughput of 0.40 kgLFP/kgmedia/h at an LFP loading of 0.30 (mass fraction of LFP
to suspension), a surfactant-to-LFP mass ratio of 0.008 and a mill rotation rate of 60 Hz.
Under these conditions, the effective grinding energy was 0.32 kWh/kgLFP. We also simu-
lated the PSD with the Austin II Population Balance Model. It characterizes the change in
particle size distribution with time: the deviation between the model and the experimental
data was 0.026 µm for each of the particle fractions d10, d50 and d90. This empirical model
describes throughput at any given target particle size at the optimum operating condition.
We achieved optimal conditions of wet media milling then concentrated on improving through-
put. Since wet media mills grind solids to nanometric scale and the performance of the
mills depend on solids loading, particle morphology, surfactant concentration, and material
characteristics. As the particle size decreases, they tend to form clusters that reduce the
grinding efficiency. Ultrasound deagglomerates these clusters thereby increasing efficiency.
Surprisingly, it can operate at higher solids concentrations. We processed suspensions of
LiFePO4 (LFP) with yttria stabilized zirconia media with a size from 0.3 mm to 0.4 mm,
and surfactant-to-LFP mass ratio of 0.008. The combined method ground the particle size
from 35 µm down to 0.2 µm in 90 min with a throughput of 0.68 kgLFP/kgmedia/h. We also
tested the improved wet media milling on two catalysts: (WO3/TiO2 and vanadyl pyrophos-
phate (VPP) precursor) to confirm the trends. We adopted a model for the steady-state and
repeatable micronizing process with ultrasonic assistance. According to TEM imaging of
the WO3/TiO2, primary catalyst particles (20 nm) are much smaller than the agglomerated
ones measured by laser diffraction (470 nm). VPP precursor slurry is normally an unstable
suspension that is hard to mill; it formed agglomerates with recrystallized silica and VPP
flocculation. The ultrasound-assisted wet milling technique produced nanometer-scale parti-
cles ( 180 nm), which is otherwise impossible. We developed and updated the steady state
micronizing process with ultrasonic assistance using a simplified population balance model.
The model accounts for R2 > 0.95 of the variance in the experimental data.
After that work, we applied the ultrasound-assisted wet media mill device to the LFP synthe-
sis. As both theoretical and experimental work has shown previously, LFP has low electronic
xi
conductivity; how to combine the conductive carbon with LFP becomes then an essential
topic. The carbon layer is generated by the sintering of the carbon source—if the carbon
source does not disperse with LFP precursor very well, it will lead to a uniform conductive
carbon layers. Ultrasound-assisted wet media mill can be applied to nano particle disper-
sions. In order to increase the battery performance of LFP, we designed experiments with
the Box-Behnken method in the wet ball milling process. We varied milling time from 3 h
to 9 h, carbon sources such as glucose, lignin and cellulose, and treatment with the different
amplitude of ultrasound from 0 % to 70 %. We reduced the particle size of the precursors of
LFP to 100 nm. The slurries were spray dried and calcined at 700 ◦C for 8 h to synthesize
carbon coated-nanosized LFP (C-LFP). We analyzed the characterizations and determined
the purity of the cathode material by XRD, LECO, PSD, BET, and TEM. Considering the
crystal size, total pore volume, surface area and battery discharge capacity, we optimized the
operation conditions of ultrasound-assisted wet media mill at 70 % ultrasound amplitude,
9h milling with cellulose. It can generate an apple tree structure C/LFP, which has a 3 nm
homogeneous carbon layer. The battery discharge capacity improved to 138 mA h g−1.
xii
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CHAPTER 1 INTRODUCTION
1.1 Background and problem identification
Recent decades have seen enormous growth in the lithium-ion battery(LIBs) market. It has
caught the attention of researchers all around the world and rapidly progressed (Sinha et al.,
2010). Typically, the battery consists of 4 main parts : anode, cathode, electrolyte and sepa-
rator. Graphite is the most common anode material. In most cases, battery performance is
dictated by the cathode material—Which one is most effective is the subject of some contro-
versy. In 1997 Padhil et al. (Padhi et al., 1997) put forward that LiFePO4 (LFP), also known
as triphylite, had the potential to be an excellent cathode material. LFP has superb thermal
stability, a high theoretical specific capacity of 170 mA h g−1 and low cost in comparison to
other cathode materials such as LiCoO2, LiMn2O4 . Since then, many researchers worked
on applying LFP as cathode material for batteries. JP Morgan estimated that in 2019 the
market value of lithium-ion batteries for EV will be $15.9 billion comparing with $3 billion
in 2013. Grand View Research reported the global LFP market size was USD $4.76 billion
(view research, 2017). Since LFP can solve overheating problems and potential consequent
explosions that plague conventional batteries, it is widely used in power generation plants and
automobiles. There is no doubt that commercialization of EV brings a substantial economic
interest, but as the market shows us, besides consumer electronics, electric and hybrid elec-
tric vehicles, it also can be applied in renewable power generation systems. In 2016, electric
vehicles took more than 60 % of the global market application, then consumer electronics
share 20 %, following by less than 15 % for renewable power generation. This astonishing
market growth is caused by the increased awareness of environmental pollution arising from
fossil fuel use. It also leads to high demand, not only from individual customers, but also
from supportive governments. LFP is estimated to have the second-highest compound annual
growth rate of 22.4 % by US revenue from 2017 to 2025(view research, 2017). China and the
USA were main markets for EV in 2016 and occupied 34 % and 30 % of the global EV mar-
kets, respectively. The growing demand for EV is expected to play a major role in the growth
of the LFP market. However, The LFP market is also highly competitive, especially in the
US and China. Thus LIBs for EV are now confronted with the challenge of cost reduction
(Liu et al., 2011).
Figure. 1.1 illustrates cathode material takes up more than a quarter of total battery produc-
tion costs. To reduce the cost of LFP manufacture then becomes critical. Gauthier invented
a novel approach to synthesize the LFP by melting and casting (Gauthier et al., 1997, 2001).
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Figure 1.1 Lithium ion battery average cost breakdown (Anderson, 2010)
It has the potential ability to reduce cost significantly. We believe the LFP cost reduction
significantly by melting - casting synthesis. However, compared with the other LFP synthesis
methods, one of the shortcomings is the output of the melting-casting way is a LFP ingot.
Which then must be ground to a critical size and coated by carbon to become a qualified
cathode material. So particle size reduction is necessary.
The primary objective of this project is to reduce LFP particle size. Since the milling should
have high energy consumption, we focused on milling efficiency and throughput. Developing a
highly effective approach requires optimization of the operation parameters. According to the
milling process, the parameters include stir rate, size of the bead, solids loading, circulation
rate of the slurry, water loading, amongst others. To have an outstanding electric performance,
we optimized the particle size distribution. Based on the breakage mechanism, we narrowed
the particle size distribution of the products and found the correlation with the physical
variables. To scale up the process in the future, we aimed to set-up a model to predict some
essential parameters of equipment operation and the characteristics of particles— Population
Balance Methods(PBM). PBM is based on dynamic modelling which can simulate breakage
mechanisms. With a better understanding of a systematical modelling, it helps to reduce
energy consumption ,increase the throughput, and even scale up production. Surfactant also
improves the milling efficiency by increasing the slurry flowability. There is some evidence
showing that the surfactant can even modify the particle size distribution (Akdogan et al.,
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2012; Jiang et al., 2015).
After that, the conventional wet media milling achieved its maximum capacity. However, ba-
sed on the objective of our work, we considered adding extra energy resources, for example,
ultrasound. There is evidence suggesting that ultrasound could deagglomerate particles clus-
ter outstandingly through cavitation effect (Li et al., 2018a). However, one of the main
challenges is to how to combine it with wet media milling, followed by how to design the
set-up. Furthermore, introducing a new source of energy may cause further issues to arise.
A PBM model helps us to optimize the process and consequently scale it up. Therefore, the
research is divided into three main parts corresponding to the targeted specific objectives :
1.2 Objectives
The main objective of the project is : To develop an effective wet media milling process on
LFP. To achieve this, we divided the project into four specific objectives, that generated four
articles which published or submitted to peer-reviewed scientific journals.
The specific objectives of this work are :
1. To have a deep understanding on the LFP particle size measurement. The results are
submitted as scientific article in Canadian Journal of Chemical Engineering
— Understand how to measure the particle size.
— Choose an effective way for PSD measurement
— Evaluate the measuring error of the LFP particle measurement.
2. To optimize the LFP wet media milling process. The results of this objective are des-
cribed in chapter 5, and published as scientific article in Advanced Powder Tech-
nology
— Find the optimum condition of wet media milling.
— Optimize the effective grinding energy
— Increase the LFP throughput till maximum.
— Fit the data with a mathematical model, which can predict particle size distribution
at any time in any major condition.
3. To further improve the throughput of wet media milling by adding an extra power
source. Results are published as scientific article in Canadian Journal of Chemical
Engineering
— Design a set-up to further improve LFP and catalyst milling efficiency.
— Increase the throughput to maximum with this set-up.
— Optimize the new set-up on LFP particle size reduction.
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4. Seek for novel approach on LFP manufacture. Results are submitted to Applied
Energy
— Design an set-up based on LFP wet media milling process
— Synthesis qualified LFP with new set-up
— Optimize the new set-up on LFP synthesis.
— Propose an mechanism for the wet media milling synthesis.
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CHAPTER 2 COHERENCE OF THE ARTICLES
A brief description of the chapters and the coherence between them :
Chapter 1 : this first section is dedicated to highlighting the potential market of Li-ion
batteries. The main application is EV. As the EV market grow rapidly in the next ten
years, the manufacture of cathode materials will become significant. LFP is a typical cathode
material. However, it requires wet media milling ; research on optimization of wet media mill
process is thus critical. After a summary the background of this research, we will focus on
how to improve the throughput of the wet media mill. To achieve the primary goal of the
thesis, we propose three specific objectives, underlying the major milestones of each one.
Chapter 2 : a brief description of the chapters of this manuscript, and the main links
between them.
Chapter 3 : this section will introduce the state of the art of LFP manufacture, then we will
talk about milling and the possibility of particle behaviour in the wet media mill. LFP, as the
most popular cathode material, has been widely used in EV batteries. The growing demands
lead to the explosion of LFP production, which has caused fierce price competition recently.
Melting-casting method has the potential to reduce the price by 4 fold, however, it requires
particle size reduction. The classical comminution cannot achieve the required battery quality.
Ball milling, especially wet media mill, can produce nano-sized particle. To explore the state
of the art milling process, this section will analyze LFP particle behaviour in wet media
milling. Then, we will introduce an ultrasound application and sonic de-agglomeration.
Chapter 4 : Before we start the milling work, we should have a profound understanding of
the particle size. ” Experimental Methods in Chemical Engineering : Particle size distribution
by laser diffraction—PSD”, this chapter describes how to measure the LFP particle size by
laser diffraction. The results obtained are submitted in Canadian Journal of Chemical
Engineering. Since PSD is the most fundamental property for chemical engineering research
(Based on a bibliometric analysis of the 10000 most-cited articles). We summarized the com-
mon particle size measurement, then we focus on laser diffraction analyzer. To demonstrate
the principle of the LDA, we introduced the Mie theory. Then we compare the LFP particle
size characterization on LDA, optical microscope and sieve. We estimate the precision and
the disadvantage of this equipment. The conclusion helps us with further studies on the LFP
milling process.
Chapter 5 : After we had a deep understanding of LFP particle size measurement, we
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characterized the PSD in the wet media milling process. In this chapter, to optimize the ope-
rating condition, we focus on seeking the major impact factors for the wet media milling on
LFP. We investigate the milling process by measuring PSD by LDA every 10 min. The statis-
tical analysis result provided insight into how media size and rotation rate affect the milling
efficiency. Furthermore, we noticed the energy consumption only relates to the rotation rate.
To optimize the best rotation rate, we established the population balance model. Addition of
surfactant can slightly increase the solids loading, which leads to increased throughput. The
results have been published on Advanced Powder Technology.
Chapter 6 : The previous work helped us to determine the optimal conditions of LFP
wet media mill. It has already achieved the highest throughput of LFP particle reduction.
However, we were not satisfied. If we want to increase the throughput further, we should
consider adding an extra energy source. Since the high throughput means we should process
more solids in a batch of the mill, it forces us to find a solution for dealing with high-
concentration slurry. Ultrasound has been widely used for deagglomeration. We developed
the ultrasound-assisted wet media mill device, and we increased solid loading to 60%. For a
deep understanding of the combination of ultrasound and wet media mill, we investigated the
particle size reduction on other materials. Furthermore, we explained how the particle size
was reduced with a PBM model. Results are published as a scientific article on Canadian
Journal of Chemical Engineering.
Chapter 7 : The ultrasound-assisted wet media mill is fascinating— It can improve the so-
lid loading significantly. However, local heat generated by the ultrasound accelerates solvent
evaporation. On the other hand, the heat can be beneficial for LFP synthesis. We then rede-
signed the ultrasound-assisted wet media mill set-up, and we processed it on LFP precursor.
After spray drying and sintering, we did the battery test on it. By adding cellulose during
the milling, we homogeneously dispersed it with LFP precursor, and we acquired the cathode
with a discharge capacity of 138 mA h g−1 LFP. We investigated the particle size reduction
and crystal size reduction and predicted the mechanism that led to a better understanding
of the underlying processes. The results of this chapter have been submitted to Applied
Energy. Chapter 8 : general discussion of the work and summary of the results achieved.
Chapter 9 : summary of the project, focusing on the main hurdles and the limitations,
providing recommendations for future work.
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CHAPTER 3 LITERATURE REVIEW
This chapter, divided into four main sections, introduce LFP and describing the current
technologies, discuss the state of the art of comminution technology, analyzing the particle
behaviour and explain the popular mathematics modelling.
3.1 Material property
Initially, we reveal the application of Li-ion battery and describe its working principle. Then
we introduce several typical Li-ion batteries and compare them with LFP. The central part
will discuss one of the most important cathode material LFP. We summarize the popular
LFP synthesis methods ; then we briefly introduce the physical property of LFP and the
possibility of its particle size reduction. Besides that, we also study the LFP coating. The
carbon source is the critical material of coating, so we discuss several popular carbon sources.
3.1.1 Li-ion battery
The lithium-ion battery (LIBs) market continues to grow as countries seek to electrify trans-
port and energy storage to meet environmental constraints.(Sinha et al., 2010) As we dis-
cussed in the previous chapter, the EV market is the biggest application of LIB. In 2017,
Chevy Bolt and Tesla Model 3 marks a new era for the EV market. Both cars are affordable
and have a range over 200 km for a single discharge(Zhu et al., 2018). UBS reported since
the improved design of the battery and the drop in price of LIB manufacture, the cost of
internal combustion engine cars and EV will cross parity shortly (Hummel et al., 2017). For
example, Tesla 3 annual production reached 500,000 in 2018. Also GM will raise match this
production rate for the Bolt. Globally, the total production of EVs surpassed 2 million units
in 2016. It is 1.6 times more than in 2015. By 2025, there will be more than 100 million EVs
on the roads(Agency, 2017).
There is no doubt that the EV market will boost the LIB manufacture industry. LIB batte-
ries include a cathode, anode, separator, and electrolyte. Both anode and cathode material
intercalate in the electrolyte with a separator between them. A separator is a thin porous
polymer film(Tabassam et al., 2015). So far, the most popular anode material is graphite be-
cause of its stability and reasonable electrode potential. The cathode material mostly made
up of transition metal oxides. It can be LiXO2, here, X can be cobalt, nickel, or manganese.
Or it can be a group of lithium transition metal polyanion compounds, A typical formula
8
can be expressed as XO3− 4 . Here, X can be sulphur, phosphate, arsenic, or molybdenum
(Armand et al., 2009). During the charging process, Li-ions exit the cathode, swim through
the non-aqueous electrolyte, pass through the separator, then intercalate into the anode. The
discharge process is done vice versa. All the Li ions move back from the interlayer of graphite
to the cathode side (Figure 3.1). Meanwhile, the current is created by the electrons moving
from cathode to anode through the outside current collectors, forming an electric circuit. For
the charging process, As long as the Lithium electrode potential is much higher in the anode
than in the cathode, then the power will be stored in the form of chemical energy(Hu et al.,
2010).
Figure 3.1 Lithium ion battery structure and its principle (Zhao et al., 2015)
In the most common case, the battery performance of LIBs depends on the properties of
cathode materials. However, few cathode battery materials adequately meet all battery per-
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formance metrics (Fergus, 2010). Moreover, LIB cost remains high for electric vehicles or
renewable energy storage (N.Nitta et al., 2015). LiCoO2 cathodes have excellent performance
but are more hazardous than compositions with iron. Padhi et al (Padhi et al., 1997) proposed
LiFePO4 (LFP) (also known as triphylite) as a cathode material, which has better thermal
stability and a high theoretical specific capacity (170 mA h g−1), making it a low cost option
compared to LiCoO2 or LiMn2O4(Table. 3.1) . Since LFP solve problems of overheating and
consequent explosions of conventional batteries, it is widely used in power generation plants
and automobiles.
3.1.2 Lithium iron phosphate(LFP)
The Asia-Pacific region witnessed the highest demand for LFP in 2016 due to EV growth and
renewable power generation plants. Grand View Research reported the global LFP market
size was USD $4.76 billion (view research, 2017) in 2016, and it will grow fivefold in the
next 10 years(Figure 3.2). LFP is estimated to grow at second-highest compound annual
Figure 3.2 Lithium ion battery market prediction (view research, 2017)
growth rate of 22.4 % from 2017 to 2025(view research, 2017). However, The LFP market is
also highly competitive, especially in the US and China. Figure 1.1 illustrates that cathode
materials constitute more than a quarter of the total battery cost. Thus how to reduce the
cost of LFP synthesis challenges every battery manufacturer (Liu et al., 2011).
LFP synthesis
Three processes synthesize LFP commercially (Wang and Sun, 2012). The solid-state method
is the most common method(Jugovic and Uskokovic, 2009), it is well known as a low base
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cost, straightforward process. However, this method fails in controlling the particle size. This
method starts with mixing by ball mill : a certain amount of iron salt (iron acetate or iron
oxalate), a lithium compound (lithium carbonate or lithium hydroxide), and a phosphorous
source (ammonium phosphate or lithium phosphate). The carbon source could be added
during the milling or after. Then the mixture is calcined at high temperature (from 400 ◦C to
800 ◦C). During the sintering, gas and vapour are produced (Figure 3.3). Accordingly, one way
Figure 3.3 The flow diagram of solid state method (Smecellato et al., 2017)
to circumvent this method’s main disadvantage is the conventional mechanochemical method.
The initial steps are similar to solid-state methods (Franger et al., 2003; Takahashi et al.,
2001). During the dry high energy ball milling, the mixture undergoes repeated cold-welding
and fracturing, the continuous pulverization process creates a new phase. Since it generates
fine particles with the large specific surface area, the electronic conductivity of LFP can be
improved. However, this method struggles to obtain high purity LFP/C composites. It must
be supported with additional calcination processes (Chung et al., 2011; Herle et al., 2011).
The hydrothermal method is good at producing nanosize and morphologically controlled LFP
(Yang et al., 2001). Yang et al. originally hydrothermally mixed FeSO4, H3PO4 and LiOH
in a molar ratio 1 :1 :3. To avoid the formation of FeO(OH), LiOH was added last. The
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solution was then processed at 120 ◦C for 5 h. After high temperature sintering, LFP/C was
obtained. However, The drawback of this method is : the disordered structure of the material
obtained ; the low reaction yield ; a mass of liquid waste ; and draconian reaction conditions
restrict its application at an industrial scale. Beside that, this method always generates the
dislocated iron atoms which block the Li-ion diffusion channel, leading to low conductivity
of the battery(Qin et al., 2010). Melting-casting is a popular synthesis method. Gauthier
et al. invented a melt-cast process for use in the synthesis (Gauthier et al., 1997, 2001). It
has many advantages such as scaling-up easily, common precursors, and high crystallinity.
By adding a stoichiometric amount of Fe(III), Li (Li2Co3) and phosphate compounds(P2O5),
heated to 1200 ◦C, LFP can be synthesized. This method has the potential to reduce the
reactant cost several folds. The disadvantages being the output which comes in the shape of
an ingot, and the uncontrollable particle size and morphology. Thus, milling LFP is essential
for the melting-casting method.
The LFP particle size reduction
There is a lot of evidence showing that the particle size of LFP is crucial for battery conducti-
vity performance. The intrinsically low electronic conductivity and proton diffusion also lead
to high polarization (energy loss) and poor rate capability (Fey et al., 2009; Arnold et al.,
2003). Studies show (Koltypin et al., 2007) a decreasing particle surface area (rather than
mass or volume) results in low discharge capacity. The opposite is also true, which means
smaller particles generate better discharge capacity. The finer particles require more carbon
binder, resulting in lower LFP tap density and less specific energy (Chen and Dahn, 2002),
which ultimately increases the manufacturing complexity (Zhang, 2011). Striebel (Striebel
et al., 2005) compared the discharge capacity of bare LFP for different sizes. Result showed
particle size at 150 nm performed better than which size smaller than 100 nm. Analyzing
comparative electronic capacity and kinetic modelling, Striebel suggested that contraction
of the span of particle size distribution (PSD) and particle size classification at 100 nm to
200 nm can lead to better electronic performance. Delacourt et al. (Delacourt et al., 2006)
also provided evidence that particle size in this range resulted in better discharge capacity.
Reducing the particle size of the LFP crystal shortens the distance to be travelled by the
ions, a technique that has successfully improved the performance of the material. However,
when reducing the size of the crystal to the sub-micron, it increases the particle strength and
tap density(Wang and Sun, 2015).
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LFP crystal property
Different crystal structures have different property, there is no doubt that the crystal structure
influences the milling process. There is a consensus that the LFP should have olivine (or
heterosite) structure, which belongs to the Pnma group in crystallography. Li, Fe and P
atoms occupy octahedral 4a, 4c and tetrahedral 4c sites, respectively (Figure 3.4). The
Figure 3.4 Crystal structure of LFP(Ellis et al., 2010) The iron octahedral is in blue, the
phosphate tetrahedral in yellow, and the lithium ions in green. The Li ion’s trajectory in the
LFP crystal is shown by red arrows. It is 1 D channel diffusion.
oxygen atoms are located slightly distorted around P atoms. The FeO6 octahedral shares
common corners in the b-c plane and the Li-ion forms a loose structure with O atoms, they
line up in the b direction (Armand et al., 2009). Li-ion diffuses by this line. Figure 3.4 depicts
how the Li transfer in this channel. Table.3.2 lists the lattice parameter of standard olivine
LFP crystal cell. If the olivine structure LFP is overheated (above 600 ◦C) then quenched
rapidly, its structure will change to quartz (P3121group) which is electrically inactive. Because
the LFP is anion-rich, the vast quantities of PO4 functional groups help to stabilize the olivine
structure below 400 ◦C. Obviously, no matter whether the crystal structure corresponds to
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quartz or olivine, if the PO4 polyanions displace the FeO6 octahedral, the diffusion channel
will be blocked, reducing the electrical conductivity of the material. This displacement in the
crystal is a classical crystal defect.
Figure 3.5 The crystal structure of LFP, upper is Olivine , below is Quartz (Tang and
Holzwarth, 2003)
Crystal defects
Lithium-ion rechargeable batteries are based on the principle of lithium ion intercalation and
deintercalation. Reducing the particle size of LFP can increase the 1D channel for Lithium-ion
diffusion (Zhu et al., 2013) (Ma et al., 2014), which can actively improve the capacity of LFP.
However, the 1D channel in the LFP only allow Lithium-ion to move in one direction. In case
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impurities or antisite defects block the pathway, the discharge capacity will decrease. Thus
a high degree of crystallinity could enhance the lithium ion diffusion. Figure 3.6 illustrates
how the lithium-ion diffuses from the edge of LFP to the inside. Thereby with high purity
and crystallinity, the charge/discharge capacity and reversibility also are promoted.
Figure 3.6 The STXM photo shows the discharge process of LFP grain (Shapiro et al., 2014)
Carbon source
Most of the cathode materials have a common defect ; their electrode conductivity is low.
To improve conductivity, the carbon coating method modifies the surface of the particle,
turning the whole particle conductive. Carbon coating has recently become a broadly used
method for LFP manufacturing. A carbon source can be mixed with the nano-size LFP and
later thermally treated, leaving a carbon layer on the LFP. Another approach is to mix the
precursors of LFP together with the carbon source, pyrolyze both, to synthesize LFP and
carbonize the carbon source coating the surface of the LFP. Carbon coating can improve the
conductivity by 5 to 8 orders of magnitude(Wang et al., 2014; Aghaee Sarbarze, 2017), and
also protect the vulnerable nano-size LFP from oxidization. Carbon coating is easy to apply—
but challenging to optimize— technique, because it is hard to achieve a uniform carbon layer
(Wang and Sun, 2015). The first challenge is to find a cost-effective methodology that can
produce a uniform coating on all the LFP particles. The second challenge is to optimize the
carbon ratio : the carbon must be enough to cover all the powder but having too much would
reduce the volumetric density and limit the diffusion of the Li+. Researchers have reported
different quantities of carbon coating as optimal, the concentration of carbon sources usually
ranging from 3 % to 10 % (Wang and Sun, 2012). Materials for carbon sources can be organic
or inorganic. Organic sources lead to a more homogeneous but lower quality carbon layer,
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while the opposite is true of inorganic carbon(Wang and Sun, 2015). (Table. 7.2) Cellulose is
a polysaccharide chain of hundreds of glucose compounds, cellulose based materials receive
attention especially because of their mechanical properties and competitive price (Wang et al.,
2018a) (Thakur, 2015). Every year 85 billion tons of cellulose and hemicellulose are produced,
it is also acquired easily at pulp mills, textile and municipal solids waste (Keijsers et al., 2013)
(Mislin and Bachofen, 2013). Lignin, an organic polymer also extracted from biomass, is
used to produce biofuel and composites, as a chemical precursor and in enzymatic hydrolysis
(Chen et al., 2018) (Li et al., 2018b) (Spiridon and Tanase, 2018) . Lignin is as abundant
as cellulose—billions ton/year are produced. It is also a byproduct in some industries (Hu
et al., 2018). Biorefineries, for example, generate between 200 and 350 millions tons/year
of lignin waste (Li et al., 2018c) . Glucose is a monosaccharide that can be extracted from
cellulose and lignin, it is used widely in different industry fields (Prakash et al., 2018). As
a precursor, Glucose can also be used as a carbon source for LFP coating (Liu and Cao,
2010; Liu et al., 2017). The application of environmentally friendly materials ensures that
the producing lithium batteries are a green process(R. et al., 2016).
3.1.3 Material property of catalysts
Catalyst plays key role in the chemical industry(Mogalicherla and Kunzru, 2010; Chamoumi
and Abatzoglou, 2016; Mahboub et al., 2016a), as it increases process efficiency. Catalyst ac-
tivity and selectivity performance relate to particle size and surface area.(Yilmaz and Muller,
2009; Stenger et al., 2005; Mahboub et al., 2016b) Furthermore, smaller particles are more du-
rable than the big ones (Gao and Zhang, 2001; Gopalakrishnan et al., 2007). DuPont applied
vanadyl(IV) hydrogen phosphate hemihydrate (VOHPO4−0.5H2O) to produce maleic anhy-
dride by partially oxidizing n-butane over vanadium pyrophosphate micro-spheres (70 µm).
An air jet mill first micronized the VOHPO4−0.5H2O to 2.5 µm (Patience and Bockrath,
2010). Another important catalyst is WO3/TiO2(Patience and Bockrath, 2010; Dalil et al.,
2016). In DuPont’s commercial process WO3/TiO2 catalyst is widely used as photocataly-
tically active (Malik et al., 2017; Gaikwad et al., 2016), or electron storage material(Hunge
et al., 2017; Zhao et al., 2009).
3.2 Comminution
In this section we will introduce a typical milling process, then we will focus on ball milling.
Finally, we will talk about the wet media mill process.
Comminution, also known as milling, is an effective way to reduce particle size. It breaks
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particle structures by mechanical energy. The mechanical energy acts as pressure, impact
or shear stress on the particle. The particular mechanism of stress varies with machines.
Among them we count fracture, defibration, granulation, shearing, cutting, crushing and
grinding. Classified by stress approach, there are four major kinds of milling equipments
(McCabe et al., 1993) ( Figure 3.8). Normally, crushers are preferred for particles larger than
1 mm with high efficiency (Figure 3.9), but to achieve the submicron or nanosize particles,
ultrafine grinding is the only viable option. Cutting machines are preferred by soft materials
that can reshape easily, such as rubber or cellulose. Crushers are common in the mining
industry ; they are mostly utilized in preprocessing the ore. As for jaw crushers, concerning
these high-efficiency and simple machines, they are mostly seen at a laboratory or plant scale.
Grinders can shatter large solids into intermediate fine powder. They have been widely used
in mining, pharmaceutical and food industry. It can produce not only large quantities at an
industrial scale but also small quantities in a lab setting. However, there are only three types
of equipment can produce micron or sub-micron size powder (Figure 3.7). Hammer mills
Figure 3.7 Output particle size of varies milling equipments
(Hosokawa, 2015)
is a popular dry mills , is capable to design in series. The minimum size of output hovers
around 30 µm, so usually, it applied on grinding coarse cereal. Fluid-energy mill, for instance,
jet mill, could spray the powder mixed with solvent on the hard surface. It could also grind
into submicron by abrasion and cleavage. However, it is hard to achieve particle size below
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0.3 µm. Agitated mill, also known as the ball mill, in which the powder is suspended by liquid
and impacted by fine media grinding in a chamber, can potentially achieve even nano-sized
particles, but it is also energetically costly.
Figure 3.8 Catagory of comminution equipments
3.2.1 Ball milling
In the ball milling process, the stresses on the particle only transfer in the limited chamber
(also known as the active space). The active spaces are located in the contact areas between
balls, or between balls and wall. Concerning the different type of milling equipment, ball mill
comes ahead on feed size, throughput, scalability and contamination. Different milling equip-
ment can affect the particle size distribution (Figure 3.10(Weeber et al., 1987)). Ball milling
can date back to 1920s (Stehr, 1988), Researchers used balls for grinding stock the first time.
Until 1948, Du Pont commercially applied a sand mill in pigment powder production. As the
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Figure 3.9 Specific efficiency of different milling machine
modern industry develops, the demands on nanoparticles keep increasing in various domains,
such as ceramics, paints, agrochemistry, pigments, adhesives or sealants, print inks, cellulose
or pulp, pharmaceutical products, foods, and pesticides, etc. The traditional ball mill (such
as tumbling ball mills, drum balls) can not meet the requirements most of the time, pushing
for ball mill upgrading. Generally, advanced ball mill has the following three classifications :
oscillating or vibrating tube mills, planetary ball mills and wet media mills(Table.3.4).
3.2.2 Wet media mill
The wet media mill functions as small beads(so-called media) agitated in a limited volume,
in which the treated particles pass through the media with dispersant. wet media mill is
also called ultra-fine stirred ball mill that the objective particle size Dp50 should be at least
0.2 µm (Bernhardt et al., 1999), or Dp90 at least 10 µm (Gao and Forssberg, 1993). Figure 3.11
shows the equipment and its chamber. The impeller rotates at high speed, stirring the slurry
which composed by the liquid, and solid particle. By the physical impact from the media,
the particle sizes keep reducing. The mill chamber is partially charged with grinding media.
A motor rotates the impeller in the chamber, which conducts the motion to the media.
When particles collide with the media and vessel walls,they fracture or abrade(Redner, 1990;
Varinot et al., 1997). Many factors influence the wet media mill, such as the solids loading,
agitator rotation rate, the dispersant, media material, media size, media density, process
time, slurry circulation rate, slurry viscosity, impeller tip velocity, impeller shape, chamber
size, temperature, grinding agent etc. Surfactants inhibit particles agglomeration and increase
milling efficiency(Akdogan et al., 2012).
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Figure 3.10 Stirred mill design combinations (Radziszewski, 2013)
Figure 3.11 Grinding chamber of Netzsch Minifer with 75 % 0.5 mm media charging, and the
principle of milling(Hennart et al., 2012)
3.2.3 Particle size distribution
Particle size influence the reaction in heterogeneous gas-solid, liquid-solid, and gas-liquid-
solid reactors. Particle size analysers are consisted of 4 categories : classification, imaging,
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sedimentation, radiation and electrical property(Loveland et al., 2000). Classification is the
traditional way. It measures PSD by sieve. Imaging covers the widest range of particle size and
reaches the subnanometric scale (0.1 nm). Traditional scanning electron microscopes (SEM)
discriminate particles down to 10 nm but with field emission guns, XPS, and Robinson detec-
tors extend the range by two orders of magnitude. Transmission electron microscopes (TEM)
and and STEM image crystal lattices at 0.1 nm. Gravitational sedimentation, centrifugal se-
dimentation, and line-start centrifugal sedimentation are best suited for coarse particles but
are time-consuming and expensive compared to some of the other techniques. The centrifuga-
tion is a type of air elutriation and measures particle size down to 2 µm during elutriation in
the liquid phase. It is widely applied in the mining industry for dp > 30 µm. Photosedimen-
tometer traces the Brownian movement of particle during the settling process and covers the
particle size from 0.01 µm to 1000 µm. Laser diffraction analyzers (LDA) reaches the particle
size from 0.01 µm to 0.1 µm. With multiple light sources and advanced algorithmic software,
the precision expends to 0.001 µm. XRD and small-angle neutron scattering detect crystal
structure and estimate crystallite size.
Preparing the sample for the microscope takes more time than for high speed cameras, and
they are the most expensive instrument, although SEM price has been decreasing, so those
with a lower resolution are only two to three times more expensive than LDA. Porosimeters
estimate particle sizes as do electrophoretic instruments like Zeta potential. The range of
these instruments is much smaller than LDA and imaging techniques. One of the limitations
of porosimetry is that it takes long time to run samples. Results from each technique should
match for monodispersed spherical particles. For quality control applications, the same ins-
trument, same procedure and same operator must be used to minimize experimental variance
and maximize repeatability.
3.3 LFP particle behaviour
In this section, we discuss particle behaviour in 5 aspects. Firstly, we analyse how the particle
breaks in the milling process. Since some ductile particles can be elastic or plastic, we also
talk about deformation. In the third section, we discuss agglomeration, which is the main
counterreaction of the milling process. In the last part, we briefly introduce rheology.
3.3.1 Breakage
Milling is a breakage technology. With respect to the stress source in wet media milling,
Rumpf (Rumpf, 1990) separates the milling forces into four parts : the compression-shear
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stress ; impact stress from media ; shear stress and the stress from other energy sources (such
as heat or magnets). Powder breakage is strongly related to crack propagation and crack
speed. To fracture the particle, the mechanical feature based on tensile load is tested by
stressing the particle in tension. Rumf (Rumpf, 1990) proposed three breakage models. In
the milling chamber, if a particle appears between the gap of two beads, it will be nipped and
compressed, regardless of if the powder is spinning or not(Redner, 1990; Gao and Forssberg,
1995). Figure 3.12 illustrates the mechanisms classified by particle size. Attrition mostly
affects the particle size which is either very big or very small. Fracturing is most effective
on large brittle particles, resulting in wide size distribution. Cleavage is always present on
ductile fragments. (Kendall, 1978)
Figure 3.12 Fragmentation mechanisms (Wang and Forssberg, 2000)
3.3.2 Deformation
As mentioned before, the LFP grain shape also influences carbon deposition, hence the par-
ticle shape changing could impact battery performance. The deformation always accompanies
the milling. The ideal condition is strictly spherical particle geometry. (Figure 3.14) However,
there are three models which could deform the particle(Figure 3.15). Rumpf (Rumpf, 1990)
22
Figure 3.13 Particle size varies to breakage mechanism(Hamey., 2008)
proposed the particle could reshape by high contact pressure, striking on the rigid surface and
stressed in shear flow. During the stirred ball milling process, on the one hand, if the particle
Figure 3.14 Ideal milling mechanism, the grey ball represent the grinding media, the orange
ball represent the particle. Once the particle appear in the gap of media, the particle will be
ground.
deformed rather than cleaved, it will take less space in a direction than before (especially
when it pass through the void between two beads), thus the particle can slip through the gap
of the media, reducing the milling efficiency. On the other hand, particle could be compressed
frequently by media, in a process similar to cold-working. If the material is brittle, then it
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Figure 3.15 Function on a granule 1) compression function,2)impaction on rigid object,3)shear
function(Hamey., 2008).In the ball milling case, model 1 is a typical grinding process between
two media. Model 2 could happen on the wall or the impeller, in which the granule also could
be crushed against the wall by centrifugal force in high rotation rate. With respect to the
high shear flow in the milling chamber, so model 3 also could disperse the weak nucleation.
may only present elastic deformation or elastic-plastic deformation. But if the material is
ductile or viscous, then it behaves as elastic-viscous deformation. The function showed in
stress-strain curve (Figure 3.17). Once the real stress is higher than the yield stress, the ma-
terial will deform forever. When the media release the particle, the stress will be decreased
following the unloading curve. These three curves enclose an area which represents the energy
absorbed by fragment. This strain energy is called resilience. Here we should notice that the
area under the straight line can cause plastic deformation. The material could absorb this
energy and converted to heat entirely when unloading. Experimentally, with a stress-strain
curve of a representative material, strain energy is equal to its curve integration divided by
particle volume. The following equation calculates the deformation stress (Eq. 3.1). Here σy
is the real yield stress, ε is the real strain, Kw and n is the strengthening or work hardening
coefficient and exponent respectively.
σy = Kwεn (3.1)
And the strain related to particle shape(Eq. 3.2). Dp,o is the diameter of sphere particle,
Vs is its volume. Since the volume does not change during deformation, volume of the flake




























Figure 3.16 Deformation process and deformation rate calculation(Hamey., 2008)
3.3.3 Agglomeration
As the grinding processing, there seems a limitation of particle size, making the grinding
ineffectively. The following 4 effects possibly cause this limitation :
— the elimination of Griffith flaws when the particle size becomes finer(Boldyrev et al.,
1994)
— the small particles covering the media surface (Kolacz and Sandvik, 1994)
— the cushioning effect of slurry (Shah and Austin, 1983)
— agglomeration effect (Strazisar and Runovc, 1994)
— flocculation (Hogg et al., 1990; Hogg, 1992)
Agglomeration happens when the particles have the chance to interact with each other. It
is affected by particle size, temperature, concentration, material characters, standing time
and so on. Agglomeration is the dominant adverse effect of increasing the particle size. It
comes up with not only breakage but also all the mass transfer and deposition. In the case
of the grinding process, plenty of energy is wasted on deagglomeration rather than milling.
Generally, agglomeration consists of two steps : contact, then adhesion. Particles contact each
other all the time, especially at high concentration. Since the media compresses the powder at
high mechanical stress, particles may have a chance to regrow or even recrystallize. When the
slurry leaves the milling chamber, flocculation or coagulation could also occur in the low shear
flow. Austin (Shah and Austin, 1983) indicated that bonds in the first step of agglomeration
are weak, the porous structure disassembles easily. The attractive van der Waals forces build
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Figure 3.17 Stress-strain curve of deformation(Hamey., 2008)
the force of agglomeration. Iveson summarized the predominant agglomeration mechanism
in two main types (Figure 3.18) (Iveson et al., 2001). Since traditional modelling (Sastry
and Fuerstenau, 1973) (which is well known as Coalescence-breakage), is difficult for the
counting of small particles and predicting particle attributes(Figure 3.19 a). Moreover, the
interparticle force relates to the surface features of powder. Traditional modelling neglect the
difference of surface features in the different materials. Ennis summarized the agglomeration
in three processes, Wetting and nucleation, Consolidation and growth, attrition and breakage
(Figure 3.19 b)(Ennis and Litster, 1997). Liquid bonds, such as Van der Waals forces and
electrostatic forces (Gregory, 1987), can form a liquid bridge and inter-particle friction. Willet
solved Laplace-Young equation and determined the force between the wetted particles should
be Eq. 3.5 (Willet et al., 2000) (Figure 3.20). Here, γLV , cosθ represent the liquid adhesion
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Figure 3.18 Agglomeration process. (a) classic modelling, (b) Modern modelling
Figure 3.19 A classic modelling is liquid bridge modeling. (York and Rowe, 1994)
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Figure 3.20 Liquid bridge model(Willet et al., 2000)
3.3.4 Material processing
Considering that stirred ball milling functions as beads compress the powder, some ma-
terial processing phenomena may occur, such as cold-welding, crystal transformation, and
cold-working (Senna and Kunol, 1971). These phenomena comprise the fundamentals of me-
chanochemisty. Cold-welding is when pressure effects on two touching surfaces of similar
material, leads to them being joined together. Cold-welding could mix the metal or some
inorganic material by high pressure, as long as the stress is greater than the yield strength
of the material (60 %-90 % straining rate). Crystal transformation may occur on LFP when
the material is overstressed (when the applied pressure exceeds the yield stress pressure).
It transforms the LFP from an olivine structure into a low electric conductivity structure
(Moreno et al., 2001). Cold-working is the strengthening of material by plastic deformation.
If the pressure is too high, or heat accumulates in the milling chamber, resulting in local
temperature increase, the crystal structure of the material may change. Furthermore, if the
slurry has been reserved for a long time, recrystallization may slowly occur.
In the milling LFP process, the mechanical stresses caused by compressing and shearing may
lead to the deformation at the interface between the particle and milling media. Since ball
milling has great impact on the interface, deformation always result in inappropriate particle
shape changes and energy waste.
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3.3.5 Rheology
Researchers in ultrafine grinding domain never stop chasing higher solid loading and finer
particle sizes(Klimpel, 1999). Shear, elongational and torsional stress compose the domi-
nant comminution mechanisms engendering high velocity (Theuerkauf and Schwedes, 1999)
(Kwade, 1999).
Shear stress
Shear stress is one of the important force fields in the wet media mill. Shear stress can
influence the particle size in some way. To study the shear stress in the slurry, we approximate
the solid-liquid phase as a homogeneous liquid phase. Generally, this type of fluid sorts as a
non-Newtonian fluid.
Non-Newtonian viscosity
The viscosity varies with the shear rate in complex liquids, this so-called Non-Newtonian
viscosity (Figure 3.21). If viscosity decreases under shear strains, the fluid is shear thinning
(or pseudoplastic) , such as polymer solutions and melts, whose viscosity depends on tempe-
rature and pressure also. As for shear thickening (or dilatant) materials (Bauer and Collins,
1967), their viscosity increases beyond certain shear rate, such as small particles with concen-
trated suspension. Viscoplastic fluids, such as certain paints, greases and pastes, flow only
beyond critical shear stress (yield stress) (Bird et al., 1987). The viscosity variations have
an important effect on non-Newtonian fluids. Most non-Newtonian fluids are shear-thinning
fluids(Hernanz et al., 2004; Pozrikidis, 2001). In many industrial applications, the power law
region of the non-Newtonian viscosity is important. A simple description is (Eq. 3.6)
η = mγ̇n−1 (3.6)
where the two parameters ; m and n, are the consistency and power law indexes. When n
= 1 and m = µ, the Newtonian fluid is recovered. If n < 1, the fluid is shear thinning (or
pseudo-plastic), and if n> 1, the fluid is shear thickening (or dilatant).
In the wet media milling, the slurry and the media in the chamber perform differently. The
motion of the slurry influences the grinding media to some extent. Meanwhile, the media
motion relates to the grinding media size, the stirrer shape, media density and fluid density.
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Figure 3.21 Viscous response of non-Newtonian fluids




Where Vd means velocity of the fluid, Rd means the disk radius, and ρ means density and
µ means dynamic viscosity. For the non-Newtonian fluid in the wet media mill, Reynolds
number can written as Eq. 3.9 :




Where N means rotation frequency, D means agitator diameter. Ks depends on the charac-













In this circumstances, the Reynolds number of non-Newtonian fluid can be treated as constant.
Blecher proved that Re represents the flow type to some extent. When the Reynolds number
of the suspension is high (Re > 105), buoyancy is neutral, and there is almost no velocity lag
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between media and slurry. The slurry and the media are in the same flow pattern. Conse-
quently, the wall of the grinding chamber is the high energy zone. When Reynolds number
of the fluid is low(Re < 104), the slurry and the media do not share same flow pattern. (But
the wall of the grinding chamber is still the high energy zone.) When Reynolds number of
the fluid is slightly higher (104 < Re < 105), the flow pattern shows that high energy zone at
the wall of the chamber. Main forces are tangential forces, which tend to break the products.
The grinding media shows a slow but high energy motion (Blecher and Schwedes, 1996).
Elongational stress
When a simple shear flow is applied to a complex liquid, two extra forces appear (not in a
Newtonian fluid). One force separates the moving plate and the other force decrease the width
of the sample. In non-Newtonian liquids, flow creates a memory by normal stresses. The flow
should not only present shear flow but also elongational flow. The momentum expression is





+ (V ∗ ∇)V
]
= ρf−∇P + µ∇2V (3.10)
Where ρ is the effective density, V is the vectorial fluid velocity, P is pressure, µ is dy-
namic viscosity. Here, neglect gravity and body force. If we take the elongation flow into
consideration, this influence should belong to the viscous stress tensor.
σ = µE (3.11)





Where E is strain-rate-tensor, which trace equal to 0. µ is a matrix. The total stress tensor
includes two parts : the viscous tensor and the elastic tensor. If the flow is purely fluid, this
term will be the pressure. The viscous stress tensor can be separated into three parts.
ε = εv + εs + εr (3.13)
The bulk viscosity which is for the compressible fluid ; the dynamic viscosity which is related
to shear stress and rotational viscosity. (In this case, εs = εr = 0) Thus the total stress
tensor ε :
ε = P + σ (3.14)
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According to the definition, the viscous stress tensor and the total stress tensor are related
to the location. The elongation flow is a part of viscous stress tensor, which is a part of axial


























Power law in complex flow
When the power law model extend to the elogational flow, elogational stress could be expres-
sed as :
ηe = meγ̇ne−1 (3.20)
While , ηe has relation with shear stress (figure.3.22)
According to above equation, here we choose ne as a parameter. If ne = n, the ratio of
elongation viscosity and shear viscosity is laminar. The shear viscosity of fluid follows power-
law. However, the EVSS model applies to elongational viscosity (Song et al., 2010) :
σ = ηN γ̇ + τ (3.21)
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Figure 3.22 Log-log curve of elongation and shear power law
Which ηN is the shear viscosity. Also we can get
η0 = ηN + ηE (3.22)
Elongational rate
The elongational rate also means extensional rate. It implies the deformation of a finite
element in the fluid. With the help of EVSS model, if we simplify to 2 dimensions, the total
stress tensor :







τ12 = τ21 = ηγ̇ (3.24)
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For the steady elongation flow,
lim
t→∞
ε̇(t) = ε̇0 (3.26)
Thus, the elongation rate can be appropriated to a constant (Puangkirda et al., 2009)
Torsional stress and body force
For the ball milling, the flow not only consists of LFP slurry flow but also media churned
into the stream. Surface features of media due to the interparticle force exert influence on
the rheological properties (Bernhardt et al., 1999). As suspensions are viscous liquids, the
media also suffers from the drag force. The drag force is corresponding to the Eq. 3.27 (Mori






Which A is projection area of media, ρs is density of suspension and ur is relative speed
between a media and suspension. While Cd is drag coefficient, also can be expressed in terms









The dipped media is affected by buoyancy too, which is expressed as :
FB = VBgρs (3.29)
FB is the buoyant force, VB is the volume of media, ρs is the suspension density. The
collision between the media can be approximated by the Voigt model (Figure 3.23) (Mori
et al., 2004). The force above, accompany with the contact force from other media, form the
driving force of the momentum. During milling, the force may be described using spring-pot
model (Figure 3.23) :
Fi = Kµ1 + ηµ2 (3.30)
Torsional stress contributes to the milling by friction.
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Figure 3.23 Simulation model of interactive forces between two balls in the wet media milling
chamber (Mori et al., 2004). The counterforce affected on the media can be considered as the
resistance in the grinding chamber. The resistance is resolved to normal force and tangential
force.
3.4 Ultrasound
Ultrasonic waves propagate at frequencies greater than what humans can perceive. Ultra-
sound has many applications in industry, such as surface cleaning (Yusof et al., 2016), was-
tewater purification pathogen deactivation (Drakopoulou et al., 2009), deagglomeration (Li
et al., 2018a), homogenization, ultrasonic imaging in medicine, etc. The ultrasound waves
function as cavitation effect ; cavitation bubbles implode violently making turbulence and in-
creasing the local temperature and pressure. In sonochemistry, ultrasound is applied to assist
chemical reactions and fabrication of nanomaterials (Gallego-Juárez and Graff, 2014) as it
holds enough energy to increase the chemical reactivity (Hostert et al., 2016). Generally, the
amplitude rate affects the cavitation intensity by restricting the number of bubbles produced
in a certain period of time. In some cases, it monotonically increases with reaction speed
(Feng et al., 2010; Raso et al., 1999). Increasing the amplitude can improve the sonochemical
effect, allowing the formation of cavitation bubbles at higher frequencies. Ultrasound has been
used to assist different LFP synthesis techniques, including co-precipitation method (Liu and
Cao, 2010) And ultrasonic spray pyrolysis (Yang et al., 2006). Kwade et al. carried out tests
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on the specific energy requirement of deagglomeration and the true comminution(Kwade and
Schwedes, 2002). The result shows the input energy waste on deagglomeration can be 50
times higher than the energy on actual comminution in wet media mill. That means, during
the wet media mill process, most of energy waste on the deagglomeration.
Ultrasound has been widely applied to break up agglomeration before milling(Toraman and
İnal, 2017; Anand et al., 2015; Patel et al., 2014; Tang et al., 2010). Ultrasonic waves operate
at the micro-scale and reduce particle agglomeration to maintain individual particles well
dispersed in the slurry(Gaete-Garreton et al., 2000; Sauter et al., 2008). Agglomerates are
structurally weak so the physical agitation carried by bubbles growing and collapsing is suf-
ficient to deagglomerate small clusters. Ultrasonic horns are simple, inexpensive. Ultrasound
can produce fine water sprays in humidification systems ; clean metal surfaces ; deagglomerate
solid suspensions and increase mass transfer and reaction rates.(Pokhrel et al., 2016; Boffito
et al., 2013; Chen et al., 2012) High local temperature from the implosion of bubbles (Kauer
et al., 2017) creates more surface defects(Kang et al., 2016).
3.5 Modelling
3.5.1 Particle size distribution modelling
In the term of simulation breakage, researchers used exponential curves to predict the particle
size distribution. The most widely used equations are :
Gates-Gaudin-Schuhmann distribution(Eq. 3.31). Here, γ is the weight fraction, x is the mesh
size, xmax is the maximum mesh size, and α is a parameter between 0.7-1.0 This model is







Rosin-Rammler distribution(Eq. 3.32) where xe is the absolute particle size constant. This
















= K1∆ ∗ s (3.33)
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Energy, E, is proportional to the surface area and x is the diameter of particle. So it also




















Normally, Rittinger’s law is suited for the batch grinding even fine milling. Kick’s law fits the
crushing data well, while Bond’s law is best for all conventional milling. However, all the above
equations are straightforward and have a single constant. To simulate the wet media milling
process, it is necessary to have a better understanding f the character of the material and
micro-interaction in the flow. Models should be adjusted to account for operating conditions
also.
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Table 3.1 Comparison of cathodes materials for lithium-ion batteries
Cathode
material Advantages Disadvantages
LiCoO2 Theoretical capacity of274 mA h g−1
High cost and scarcity of
cobalt
Theoretical volumetric
capacity of 1363 mA h cm−3 Low thermal stability
Low self-discharge
Fast capacity fade at high
current rates or during
deep cycling (N.Nitta
et al., 2015)




(4.1 V vs. Li+/Li)
Low electron and ion
conductivity
Limited capacity due to the
Jahn–Teller distortion
LiMnO2 High operating voltage(4.1 V vs. Li+/Li)
Poor cycle performance at
high temperature
LiMnPO4
High operating voltage of
4.1 V theoretical specific
capacity of 170 mA h g−1.
low intrinsic electronic
conductivity (10−10 S cm−1)
and large structure
distortions lead to a low
practical capacity and poor
rate performance (Chen
et al., 2016a)
LiFePO4 Theorethical capacity170 mA h g−1. Low conductivity
Long durability and
stability
Low voltage 3.2 V vs.
Li+/Li





Table 3.2 Lattice constant of LFP
Ref. a(Å) b(Å) c(Å) V(Å)3
(Moreno et al., 2001) 10.227 6.0048 4.6918 288.12
(Padhi et al., 1997) 10.334 6.008 4.693 291.392
(Streltsov et al., 1993) 10.332 6.01 4.692 291.4
(Andersson and Thomas, 2001) 10.329 6.0065 4.6908 291.02
(Barker et al., 2003) 10.288 5.976 4.672 287.23
Table 3.3 Battery performance and characteristics of C-LFP coated with different carbon
sources












Glucose (Liu et al.,
2017)
Wet Ball Milling +
















fluoride (Feng et al.,
2018)
Solvothermal method 74.2 35
Glucose(Kim et al.,
2011) Solvothermal method 98.0 35
Ascorbic acid (Chang
et al., 2014) hydrothermal method 47.28 277–354 4.79%
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CHAPTER 4 ARTICLE 1 - EXPERIMENTAL METHODS IN CHEMICAL
ENGINEERING : PARTICLE SIZE DISTRIBUTION BY LASER
DIFFRACTION –PSD
He Li, Jingwen Li, Jeffrey Bodycomb, Gregory S. Patience
Article submitted in Canadian Journal of Chemical Engineering
4.1 Abstract
Particle size is the top cited physical property researchers report in the CJChE and among
the top properties in all science disciplines.(Patience, 2018) Techniques to measure particle
size distribution (PSD) include physical operations like sieving and sedimentation, and spec-
troscopic techniques like laser diffraction image analysis based on optical and electron mi-
croscopy, and elecro-zone instruments. Laser diffraction analysis (LDA) is an instantaneous,
user-friendly, convenient, and non-destructive method to assess PSD of inorganic powders.
It measures the scattering angle and intensity of light after it passes through diluted particle
dispersions suspended in either a gas or liquid. The Mie theory is an exact solution to resolve
the diffraction intensity of light caused by particles that applies to while the Fraunhoffer
approximation applies only to particles greater than 20 µm. The 95 % confidence interval of
five measurements of 56 µm and 0.1 µm irregular shaped polyhedrons was ±2.5 % Based on a
bibliometric analysis of the top 10000 cited articles in 2016 and 2017, the major research clus-
ters are : particle measurement, powder behaviour, pharmacy, comminution, and adsorption.
Future work will continue to introduce more laser sources, combine multiple technologies,
implement mobile light sources (dynamic light scattering), and better define characterize
irregular shaped particles.
Keywords
LiFePO4 , particle size distribution-PSD ,laser diffraction analyser-LDA , sieve
4.2 Introduction
Particle transport, separation, and reactor design are among a dozen chemical engineering
technologies and unit operations that depend on powder properties : (1) pneumatic transport
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velocity, entrainment rates, cyclone efficiency, and centrifugation vary with particle terminal
velocity, which is directly related to particle size ; (2) heat and mass transfer rates in spray
dryers and reactors decrease with increasing dp ; (3) pressure drop in fixed bed reactors and
filters decreases with increasing dp ; (4) sieving efficiency varies with particle shape ; (5) flow
out of bins depends on shape and dp that affect cohesion and internal friction ; and, (6) power
and time required to comminute particles and mix pharmaceutical powders and polymers
increases with decreasing particle size. Other physical properties researcher measure to fully
characterize a powder include : shape, surface area, pore size distribution, skeletal density,
particle density, bulk density, minimum fluidization velocity, and Hausner ratio (which is the
ratio of the poured density to the tapped density). The latter three properties depend on PSD
as does terminal velocity. Bulk densities, for example, are lower for a mono-dispersed powder
compared to the same powder whose particle size range is greater than a decade but when
the powder is fluidized, bulk density is lower for particles with a wide PSD. Particle size also
controls the global reaction rates in heterogeneous gas-solid, liquid-solid, and gas-liquid-solid
reactors.
Particle size analyzers fall under six categories related to the fundamental physico-chemical
property : classification, sedimentation, radiation, imaging, electro-zone sensing, and zeta
potential (Table 4.1).(Loveland et al., 2000) Imaging covers the widest range of particle
size and reaches the subnanometric scale (0.1 nm). Most techniques extend their range by
combining one or more technologies. The standard range corresponds to the dark areas of
Table 4.1 while the extended range is coloured with a lighter green.
Gravitational sedimentation, centrifugal sedimentation, and line-start centrifugal sedimenta-
tion are best suited for coarse particles but are time consuming and expensive relative to some
of the other techniques. Centrifugation is a form of air elutriation and measures particle size
down to 2 µm while elutriation in the liquid phase is widely applied in the mining industry
for dp > 30 µm. Photosedimentometer traces the particle Brownian movement during the
settling process and is applicable for 0.01 µm to 1000 µm. X-ray photosedimentometer apply
X-ray rather than light, which increases its precision but it is time consuming.
The wavelength of incident light limits the lower limit of laser diffraction analyzers (LDA)
to from 0.01 µm to 0.1 µm but with multiple light sources and advanced algorithmic software
lower limit reaches 0.001 µm. XRD and small-angle neutron scattering detect crystal struc-
ture and estimate crystallite size. The instrument takes seconds to analyze samples and the
repeatability is good.
Traditional scanning electron microscopes (SEM) discriminate particles down to 10 nm but
with field emission guns, XPS, and Robinson detectors extend the range two orders of ma-
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gnitude. Transmission electron microscopes (TEM) and and STEM image crystal lattices
and at 0.1 nm. Preparing the sample for the microscope takes more time then for high speed
cameras and they are the most expensive instrument, although SEM price has been dropping
so those with a lower resolution are only two to three times more expensive than LDA.
The electro-zone sensing methods (Coulter Counter, for example) are as rapid as LDA but
apply to a narrower range as it must suspend particles flowing through an aperture. Porosi-
meters also estimate particle sizes as do electrophoretic instruments like Zeta potential. The
range of these instruments is much smaller than LDA and imaging techniques. One of the
limitations of porosimetry is that it takes hours to run samples.
Particle shape affects how instruments assign the dp : imaging techniques measure the pro-
jected area ; electrosensing assign dp according to volume ; and, sedimentation techniques
assign it based on particle terminal velocity.(Patience, 2017) Results from each technique
should match for monodispersed spherical particles. For quality control applications, use the
same instrument, same procedure, and same operator to minimize experimental variance and
maximize repeatability.
4.2.1 Laser diffraction analysis
In addition to measuring a wide particle size range, LDA and droplets,(Wan and Fradette,
2017) operators can complete hundreds of tests per day since the analyzer generates a dis-
tribution in seconds. All LDA follow the international standard and have an acceptable
precision and repeatability.(, 1999). It was developed in the 1970s(Cornillault, 1972; Weiss
and Frock, 1976; Swithenbank et al., 1976) and since then many instrument manufacturers
have been established.(McCave et al., 1986; Li et al., 2017a). The instrument consists of light
sources, a sample presentation system, and a set of detectors, and software and algorithms
(Figure 4.1).(Horiba Ltd, 2017)
Light source
Lasers and light emitting diodes (LED) have replaced bright, monochromatic light sources.
The durability and lifetime of lasers and LEDs are much better than incandescent lamps.
New instruments guide the beam to the samples in ever shorter path lengths so they are
more compact (Figure 4.3). To increase the range, instruments have multiple light sources :
Shorter wavelength sources are best for smaller particles and longer wavelengths are best for

































































































































































































































































Back scattered light 
sensor
Flow cell
Figure 4.1 Optical arrangement of a modern laser diffraction system featuring two light
sources. The semiconductor laser on the right illuminates the sample in the flow center at
the center. A ring of an array of individual wide angle detectors around the sample measures
the scattered light that bounces off a mirror to left. The second light source is in the upper
right takes advantage of the same set of wide angle detectors.
Sample presentation
The powder is either dispersed in a liquid and pumped to the detector array or carried to it in
an air stream.(Pharmcopeia, 2002) For dry analysis a vacuum pump drags particles through
the sample cell and air disengages the agglomerates and disperses prior to analysis Wet
analysis requires that the liquid disperses the powder and prevents agglomerates from forming
either by choosing an appropriate solvent, adding surfactant, or sonicating the sample bath.
As with electro-zone instruments, the sample bath must suspend the particles and prevent
them from settling or floating (Figure 4.2). A liquid pump feeds the flow cell at a constant
rate but can also mix the sample bath to keep the particles suspended. Alternatively, an
independent stir bar agitates the dilute suspension but for larger particles that are likely to
settle within seconds, an independent pump circulates the liquid to ensure particles remain
suspended.
Detectors
Silicon detectors, best suited for LDA, are either distributed as individual detectors when











Figure 4.2 Modern laser diffraction flow system. An auto-fill pump, to the left, introduces
fluid to the sample bath and then shuts off when the height of fluid reaches the set-point.
Operators add powder to the bath and a stir bar agitates the dilute slurry. A centrifugal pump
moves material through the sample cell and an ultrasonic probe breaks up loose agglomerates
upstream of the cell. At the end of the test, the auto-fill pump rinses the system.
narrow scattering angles. Since particles tumble through the cell there is no practical benefit
to detecting scattering as a function of azimuthal angle.
4.3 Theory
The scientific theory behind commercial LDA relies and Fraunhofer diffraction or Mie scatte-
ring theory, which correlates the scattered intensity of a particle measured at different angles
to the particle size (or distribution). The Fraunhofer diffraction theory is, in fact, an approxi-
mation of the Mie scattering theory. But, it is only valid for particles at least, 10 times the
incident wavelength, and when the scattering angle is less than 30◦. The Fraunhofer diffrac-
tion theory introduces unacceptable error for particle than 20 µm. The Mie theory applies for
a wider range of light intensity distribution of smaller particles, however, the refractive index
is required. It is a rigorous solution for the scattering intensity from spherical, homogeneous,
isotropic and non-magnetic particles of any diameter D in a non-absorbing medium. The
mathematical formulation for the scattering pattern from a spherical particle illuminated by


















Figure 4.3 Theoretical light interactions with particles,(Patience, 2017; , 2007) (a) shows
light interacts with particles in 5 ways and (b) shows the diffraction pattern (right side) of a
plane wave scattering off a spheroid (left side).
where I is the light intensity, ε is a particle size factor (ε = πD/λ, λ is the incident light
wavelength), θ is the diffraction angle,m is the complex refractive index of the particles(m =
n + ik), r is the distance between the particle and the detector, S1 and S2 are composed
of Bessel and Legendre functions (Eq. 4.1).(Ye et al., 2012) The complex refractive index of
the particles affects the scattering cross section or pattern, thereby, influences LDA lower
detection limit.
The lower detection limit increases as the real part of the particle refractive index approaches
that of the medium and decreases as the real part of the particle refractive index deviates
from that of the medium in either direction. The imaginary part of the complex refractive
indices is responsible for light extinction due to absorption. For transparent particles with
a small imaginary component of the refractive index, the lower detection limit decreases as
the absolute difference between real parts of the particle and the medium refractive index
increases. The detection limit is higher for opaque (light absorbing) particles than transparent
particles.(Yoo et al., 1996) Optical silicon detectors record the scattered light intensity and we
then reconstruct the pattern by solving an inverse problem.(Wang et al., 2010) Together with
D and the difference in refractive index between particle and medium, measured intensity,





If the particles consist of a homogeneous material and they are illuminated by monochromatic
light, this equation corresponds to a Fredholm integral equation of the first kind(Riefler and






where g(θ) corresponds to a measured intensity, h(θ,D) is an element of the Kernel matrix
that consists of simulated Mie scattering diagrams. Inversion algorithms recover the article
size distribution f(D) from the measured angular light scattering.(Riefler and Wriedt, 2008)
4.4 Applications
Particle size and LDA were among the top cited experimental methods cited in WoS (Clari-
vate Analytics, 2018) with as many as 50 000 articles that mentioning it in 2016 and 2017.
The VOSViewer bibliometric algorithm groups particle size research into four clusters (Fi-
gure 4.4). The largest cluster (blue) contains nanoparticles, and other topics related to health
and pharmacology— medical nebulization(Wang et al., 2008), cystic-fibrosis(Coates et al.,
1997), tobramycin,(Pilcer et al., 2006) lungs,(Clark, 1995) and drug-delivery (Kang et al.,
2004). Sedimentation,(De Boer et al., 2002) agglomeration and soil,(Pye and Blott, 2004)
microscopy,(Elias et al., 2006) and image analysis belong to red cluster, which has nearly
as many articles as the blue cluster. The most frequent keywords include performance, ad-
sorption, composites, and water. Many of the topics also include catalysis. Physicochemical
and mechanical properties comprise the third largest cluster (green) with 6500 occurrences.
Articles in this cluster relate to powders, particle stability, and dispersions including rheo-
logy(Drelich et al., 2010), emulsions(Keck and Müller, 2008), comminution,(Gartner et al.,
2001) and stability(Ismail et al., 2010). Finally, the smallest cluster (beige) relates to anti-
bacterial properties, gold and silver nanoparticles, and green chemistry (765).
Of the top 10 000 cited articles that mentioned particle size in 2016 and 2017, WoS assi-
gns 1954 to multidisciplinary materials science, 1780 to physical chemistry, 1415 to chemical
engineering, 1080 multidisciplinary chemistry, and 837 nanoscience & nanotechnology. The
journals that published the most articles include RSC Advances (253), Journal of alloys
and Compounds (173), Ceramics International (169), Powder Technology (160), Internatio-
nal Journal of Pharmaceutics (160), and ACS Applied Materials & Interfaces (130). The
most cited article (with 279) proposed a one-pot hydrothermal method to carbon dots with
tunable photoluminescence.(Ding et al., 2016) The second most cited article (207 citations)
also fabricated Cd and Pb free quantum dots for solar cells(Du et al., 2016) while the third
most cited (119) reviewed dynamic light scattering and zeta potential applied to drug de-
livery and therapuetic relevant nano-formulations(Bhattacharjee, 2016) Applied Catalysis
B-Environmental published the three top cited articles in chemical engineering all of which





























Figure 4.4 Particle size bibliometric map :(Clarivate Analytics, 2018; van Eck and Waltman,
2010) in 2016 and 2017 WoS indexed as many as 50 000 articles that mention LDA. The
plot shows the 100 most frequent keywords cited in the top 10 000 cited articles. The size
of the circles and font size are proportional to the number of occurrences of the keywords.
After PSD with 2300 occurrences (not shown), the most frequent keyword is nanoparticles
(1707) and drug delivery (760). The smallest circles (drug cancer and methylene blue) appear
92 times. VOSViewer groups the keywords into four clusters (represented by colours) and
demonstrates links between the keywords with lines.
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4.5 Limitations
LDA reports particle size by measuring incident radiation scattering angle and intensity as
the laser passes through the sample cell. Large particles scatter light at a small angle with
high intensity, while smaller particles scatter light at larger angle but with less intensity.
A computer algorithm analyses the angular scattering intensity data. Generally, the LDA
performs the test based on either the Fraunhofer theory(Beuselinck et al., 1998; Pye and Blott,
2004) or Mie theory. (Buurman et al., 2001) The ISO standard for LDA recommends the Mie
theory for particles below 20 µm.(, 1999; Jones, 2003) However, LDA might underestimate
mean particle size up to about 10 % to 20 %(Gartner et al., 2001). LDA is limited by the
size-dependent volume factor and fails to reproduce PSD of high concentration dispersions.
Both Mie theory and Fraunhofer theory assume that all particles are spherical Particle shape
not only affects how light scatters, but shape and texture influence the imaginary part of
refractive index (RI). Furthermore, instruments are calibrated with polystyrene particles
that have an RI lower than water. So, LDA will underestimate dp of powders that have a
lower RI than polystyrene particles, like solid-liquid aerosol droplets.(Motta et al., 2017) The
Mie theory requires an RI many of which are avaible in the published literature or in the
instrument database. Identifying the RI for mixtures and unknown materials is one limitation
of LDA. Some advanced instruments allow users to estimate RI based on a machine learning
approach that compares the fit to the model data versus the actual data.(Panerati et al.,
2019)
4.5.1 Sources of error
When developing or monitoring a process, we recommend using the same instrument or at
least calibrating multiple instruments with the same source material. Some companies insist
that only one operate an instrument and this person would also be responsible for sample
the solids. The PSD reported by laser diffraction instruments vary manufactures change the
laser source, which affects how well the sensor detect the radiation. How well the powder
disperses into the mixing cup is another factor that introduces error. Larger particles are
generally easier to disperse than smaller particles, which have a tendency to agglomerate.
Manufactures provide users with several software options to calculate PSD which may also
introduce error : general purpose analysis, multiple narrow modes, and single mode. For each
algorithm operators may introduce an irregular-shape ratio or the spherical-shape ratio but
since most powders are irregular polyhedrons the former ratio is more common.(Ryżak and
Bieganowski, 2011) The general purpose analysis is suitable for for particles with unknown
properties or refractive index. The multiple narrow modes is appropriate for mixtures of
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mono-dispersed powders. The single mode is designed for individual fractions with narrow
distribution.
4.5.2 Measurement process
The measurement process consists of extracting a small powder sample from a drum, silo,
truck, or vile, then preparing it for the instrument (wet analysis only), collecting the data,
and cleaning the instrument.(Allen, 1990; Jillavenkatesa et al., 2001) Water is a safe and
inexpensive solvent but may requires surfactant to decrease the surface tension and reduce
its tendency to agglomerate. For cohesive powder in water, pre-wet it in alcohol before adding
it to the water and then sonicate.
Before collecting data, run a blank to identify signals from stray and scattering pure li-
quid.(Pharmcopeia, 2002) A robust method ensures consistent results, which involves step-
ping through a range of solids concentrations, ultrasound times, pump rates, and surfactant
concentrations. Check the analyzer biweekly with a standard like glass beads with a size
range greater than one decade.(, 1999)
To main the instrument, clean the instrument thoroughly with liquids recommended by the
manufacturer. Remove all the sample from the system before allowing it to sit overnight with
a repeated rinse cycle with the suspending medium. Ensure the signal from the rinse cycles
matches the blank before the tests. For problematic samples rinse with a washing liquid such
as alcohol. Also, clean the instrument thoroughly before letting it because residual solids
are much harder to remove from a dried instrument. Operators introduce errors through
solids sampling, sample preparation, cell handling, and cleanliness. (Allen, 1990) recommends
sampling solids in motion or with a riffler. Solids in containers tend to segregate so that the
PSD in the top of the container changes with time. Withdrawing samples from the middle
of a drum with a thief is better than scooping up powder from the surface.
Ensure that the slurry concentration is low enough to minimize multi-scattering (Figure 4.5),
which introduces errors of up to 20 %. Maintain both the stirrer and circulation pump ope-
rational while analyzing the sample to minimize obscurance.(Bieganowski et al., 2010)
4.5.3 Detection limits
The spectral range corresponding to visible light ranges from 400 nm to 800 nm. With better
algorithms to interpret the data and multiple laser modern instruments have increased the
detection limits from 10 nm to 7500 nm.






Figure 4.5 Comparison of single scattering and multi-scattering. If the transmittance of dis-
persion is too low, it can cause the multi-scattering. As it shows in the figure, the scattering
angle θ1 could equal to θ2, but the particle sizes are different.
shaped LiFePO4 powder generated by micronizing an ingot with a jaw crusher and rolling
grinder and the same material after wet media milling.(Li et al., 2017b, 2018a) The first
sample is coarser with a dp = 55 µm while dp = 0.1 µm for the media mill sample. The
Fraunhofer diffraction theory applies to the former while the Mie scattering theory is best
suited for the former (Table 4.2).
In all tests, we applied the same measuring conditions for all samples : The circulation speed
and agitation speed were set at level 3 (without ultrasound) and water was the dispersed
phase with a RI of 1.3333 for the real part and 0 for the imaginary part. The RI of LFP







where Ni is the number of particles with the corresponding diameter di. Then we calculated
the standard deviation, σ for five measurements of each sample and the 95 % confidence




Table 4.2 LDA measurements of LFP after jaw crushing/roller grinding (D4,3) and media
milling (d50).










Diameter defines the geometry of a sphere perfectly but for irregular shapes, we can choose
from among a dozen characteristic dimensions to represent their geometry. Optical micro-
scopes produce two dimensional images that we represent with a 1-D parameter based on a
length (shortest length across the particle, or longest length, for example), perimeter diame-
ter, Feret diameter, Martin diameter, etc.(Patience, 2017)
To compare the LDA with image analysis, we first classified the VPP (essentially spherical)
and LFP powders (irregular shaped polyhedrons) with a sieve stack consisting of a 140 mesh
and 170 mesh trays and a collection pan. The LDA d50 of the VPP before sieving was 60 µm
and it was 46 µm for the LFP (Figure 4.6). After sieving, the d50 of both powders on the 140
mesh screen increased because the smaller particles passed through. The top sieve retained
a small fraction of particles centered around 10 µm (Figure 4.7). Although, the LFP d50 was
less than the VPP, it had a higher fraction of particles greater than 100 µm (Figure 4.8).
The VPP PSD on the 170 mesh screen after sieving was narrow—d10 = 91 µm and
d90 = 116 µm—while it was much wider for the LFP—d10 = 90 µm and d90 = 199 µm
(Table 4.3). The largest spherical particles that pass the 140 mesh screen cannot be greater
than 106 µm but the LDA reports that 10 % of the VPP particles on this screen are greater
than 116 µm. However, VPP is not perfectly spherical (unlike the spheres that are stuck in the
mesh in Figure 4.3) and the optical microscope confirms that particles larger than 106 µm
got through the sieve. The average particle size of 10 random particles that we measured
under a microscope on the 170 mesh screen was 113 µm, which compares well with the d50
for this screen at 104 µm. Generally, the particle size under the microscope agrees with the
LDA measurements but clearly a sample of only 10 particles is statistically insignificant.
53
We expected that LFP particles with a projected area less than 150 µm (
√
2×106 µm) might
pass through the 140 mesh screen but were surprised that the LDA reports a d90 = 199 µm.
The d50 of the LDA measurement is 200 µm, which is not far off of the optical estimate of
250 µm for the top screen. The agreement between the two measures is close for the middle
screen as well at 132 µm and 142 µm. Irregular polyhedrons with a narrow projected area
pass through sieves, which is one contributing factor to the difference. The other factor is
related to how the LDA represents particle shape. However, for the lower screen and the
source material, the agreement between the measures is poor as we neglected to image the
small particles, which have a disproportionate impact on PSD.
4.6 Conclusions
Particle size is one of the most important physicochemical properties that science and engi-
neers report with over 50 000 articles that mention it in 2016 and 2017 WoS. LDA is among
most effective analytical techniques to measure PSD as it has the widest range and only takes
seconds to run (discounting solids sampling, preparation, and maintenance) and requires at
most a couple grams of powder. The detection range varies from as low as 10 nm to 7500 nm.
The Mie theory is an analytical solution that characterizes the interaction between the light
and opaque solids. However, it requires a refractive index which is ambiguous for composite
powders and mixtures. It also assumes that all particles are spherical which introduces error
and will tend to overestimate the particle size. Future instruments will continue to develop
multiple detectors (green, red and blue light), dynamic light scattering instruments applica-
tions will grow further, and combing technologies will increase both accuracy and range.
Figure 4.6 140 mesh sieve. Spherical particles no larger than the distance between two parallel
wires pass through the sieve (dp = 106 µm). Irregular shaped polyhedrons with a minimum















Figure 4.7 Optical microscopy images of VPP powder retained on the 140 mesh sieve (dp =
106 µm) and the PSD based on LDA after sieving for 30 min.












Figure 4.8 Optical microscopy images of LFP powder retained on the 140 mesh sieve (dp =
106 µm) after sieving for 30 min together with the histograms of LFP and VPP (on the same
140 mesh sieve) after 30 min.
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Table 4.3 LDA measurements of VPP (d50 = 60 µm) and LFP (d50 = 46 µm) after a sieve
classification operation. The top tray of the stack was 140 mesh (dp = 106 µm), the middle
tray was 170 mesh (dp = 90 µm), and the third was the collection pan. We loaded 319 g
VPP to the top sieve and weighed each tray and sampled the solids after 30 min on a rotary
vibrator. The final mass on the top sieve was 4.3 g while the middle tray had 0.3 g. For the
LFP powder, we loaded 449 g to the top tray and after 30 min on the rotary vibrator, 68 g
remained on the top sieve and 4 g on the middle sieve.
source top middle pan
d10 36 78 91 26
VPP d50 60 120 104 43
d90 99 173 116 70
OM VPP dp 48 118 113 35
d10 8 107 90 8
LFP d50 46 200 132 45
d90 121 692 199 105
OM LFP dp 28 253 142 21
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CHAPTER 5 ARTICLE 2 - OPTIMIZATION OF LiFePO4 WET MEDIA
MILLING AND REGRESSIVE POPULATION BALANCE MODELING
He Li, Ange Ndjamo, Pierre Sauriol, Gregory S. Patience
Article published in Advanced Powder Technology
5.1 Abstract
LiFePO4 (LFP) is a low cost cathode material for Li-based batteries, but its low intrinsic
ionic and electronic conductivity require sub micron particles to achieve acceptable energy
capacity and charge and discharge rates for automotive applications. Consequently, for top-
down syntheses, grinding energy and throughput are critical to maintain its cost advantage
versus alternative processes and materials. Here, we demonstrate that an aqueous media mill
reduces LFP powder from 27 µm (d50) to 0.2 µm. We applied a Taguchi experimental design
to assess the effect of LFP loading (0.20 to 0.30), yttria-stabilized zirconia media (YSZ)
size (0.3 mm to 0.5 mm), surfactant-to-LFP mass ratio (0 to 0.008), and mill rotation rate
(40 Hz to 80 Hz) on specific throughput and effective grinding energy. The 0.3 mm YSZ media
reduced the LFP powder at a specific throughput of 0.40 kgLFP/kgmedia/h at an LFP loading
of 0.30 (mass fraction of LFP to suspension), a surfactant-to-LFP mass ratio of 0.008 and
a mill rotation rate of 60 Hz. Under these conditions, the effective grinding energy was 0.32
kWh/kgLFP.
The Austin II Population Balance Model characterizes the change in particle size distribution
with time : the deviation between the model and the experimental data was 0.026 µm for
each of the particle fractions d10, d50 and d90. This empirical model describes throughput
at any given target particle size at the optimum operating condition.
Keywords
LiFePO4 , population balance modelling , yttria-stabilized zirconia , wet media milling ,
communition , nano-particles, surfactant , particle size distribution
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5.2 Introduction
The lithium ion battery (LIB) market continues to grow as countries seek to electrify trans-
port and energy storage to meet environmental constraints.(Sinha et al., 2010) Few cathode
battery materials are available that adequately meet all battery performance metrics (Fer-
gus, 2010). Moreover, LIB cost remains high for electric vehicles or renewable energy storage
(N.Nitta et al., 2015). LiCoO2 cathodes have excellent performance but are more hazardous
than compositions with iron. Padhi et al (Padhi et al., 1997) proposed LiFePO4 (LFP), also
known as triphylite (Fig. 5.1), as a cathode material, which has better thermal stability and
a high theoretical specific capacity (170 mA h g−1), which makes it a low cost option com-
pared to LiCoO2 or LiMn2O4. On the other hand, the intrinsically low ionic and electronic
conductivity of LFP leads to high polarization, poor rate capability (Fey et al., 2009; Arnold
et al., 2003) and low discharge capacity (Koltypin et al., 2007). Reducing the particle size
addresses these shortcomings. However, the tap density is lower, which requires more carbon
binder, reduces the specific energy (Chen and Dahn, 2002) and increases the manufacturing
complexity (Zhang, 2011).
Discharge capacity is greatest for particles in the range of 0.1 µm to 0.2 µm (Striebel et al.,
2005; Delacourt et al., 2006). Also, the electronic performance of LFP with narrow particle
size distribution (PSD) from 0.1 µm to 0.2 µm is better than a wider distribution (MacNeil
et al., 2010).
Gauthier et al. invented a melt-cast process to synthesize (Gauthier et al., 1997, 2001),
which has the potential to reduce the reactant cost several fold. However, it requires several
particle reduction steps—jaw crushing, roller milling, jet milling/media milling—to achieve
submicron particles from large ingots. Wet media milling followed by spray drying and carbon
coating are standard operations to produce cathode material for Li-ion batteries. Wet media
milling can reduce the PSD below 0.1 µm (Bilgili et al., 2004). The spray dryer evaporates
most of the solvent and water and forms small agglomerates that are subsequently treated
in rotary kilns at high temperature to coat the surface with carbon. Residual moisture and
organic compounds evaporate or react during this process. In wet media milling, water and
LFP form a slurry that circulates through the chamber and mixing tank. A motor rotates
impellers in the milling chamber charged with grinding media (Yittria-Stabilized-Zirconia
YSZ) that fractures and abrades the LFP as they collide (Gudin et al., 2007) (Fig. 5.1).
Attrition rates depends on solids loading (Asiedu-Boateng et al., 2016), impeller rotation
rate, liquid type, media, time, slurry circulation rate, slurry viscosity, impeller tip velocity,
and chamber size(Li et al., 2015; Afolabi et al., 2014; Bilgili and Afolabi, 2012). Surfactants
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Figure 5.1 Fragmentation mechanisms.
lubricate the slurry to increase milling efficiency by increasing particle dispersion, and re-
ducing agglomeration. Consequently, milling more concentrated slurries is possible (Bilgili
et al., 2004; Knieke et al., 2013). We tested Tween-20, Triton R©X-100, Igepal R©CA-630,
Docusate (Dioctyl sulfosuccinate sodium salt, 96%). The Tween-20 foamed less and requi-
red lower concentrations to achieve higher slurry concentrations. Furthermore, since it is an
organic surfactant, it does not contaminate the LFP as it evaporates or reacts during the
carbon coating process.
Here we report the effect of LFP loading, impeller rotation rate, media size and surfactant-to-
LFP mass ratio on wet milling performance. We show that the Population Balance Modeling
(PBM) characterizes the change in the PSD with time.
5.3 Material and methods
The LFP source material comes from 50 kg melt-casted ingots(Gauthier et al., 2001). A
Pulverisette 1 model II, Fritzch jaw crusher reduced that ingots size to 1 mm to 3 mm then a
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4-stage roller grinder (MPE Chicago) further reduced it to a d50 of 27 µm and a d99 of 200 µm
as measured by Horiba LA-950. We operated a Minifer mill (NETZSCH - Feinmahltechnik
GmbH), with a 100 µm mesh filter and loaded 120 mL YSZ media, and filled the chamber
to 60 % of the total volume. The mixing tank contained 292 mL of water and Tween-20
surfactant. After milling, a spray dryer evaporated the water from the slurry and then the
powder was coated with carbon. The surfactant evaporated with the water and residual
organics reacted to form carbon during the coating process. Thus far, low concentrations
of YSZ (Zr< 500 ppm) from wear of the grinding media has had an inconsequential affect
of battery performance. Commercial grinding chambers are made of ceramic rather than







Figure 5.2 Sketch of Minifer wet media mill (NETZSCH - Feinmahltechnik GmbH).
The Netzsch minifer pumped cold water around the grinding chamber at a rate sufficiently
high to maintain the slurry effluent at 25 ◦C (Fig. 7.2). The particles circulate from the
chamber to the mixing tank at a frequency of 0.5 min. We sampled the slurry at the exit
of the grinding chamber that represented the instantaneous PSD in the system—that is, we
consider it to be fully backmixed. LFP is progressively added at a rate slow enough to ensure
the filters remained clear. Time ’0’ represented the point at which we first introduceed LFP to
the mixing tank. We extracted samples at 5 min−1 to 15 min−1 intervals to measure the PSD.
For each test, we added 1 or 2 droplets of the LFP slurry to the sample bath immediately
after withdrawing it. We set the refractive index of LFP to 1.6800 for the real part and 0.1
for the imaginary part, and for the distilled water we set the real part to 1.3333 and 0 for
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the imaginary part. The instrument precision is within 10 % (standard deviation). The mill
operated until the the PSD no longer changed. During the entire operation we monitored
both current and voltage to calculate the energy consumed.
In the first series of tests, we designed experiments based on a Taguchi L9 plan with three
levels and four factors : LFP loading in the suspension, media size, surfactant-to-LFP mass
ratio, and (impeller) rotation rate (Tab. 5.1). In the second series, we fixed the media size,
the surfactant-to-LFP mass ratio, and LFP loading at the optimum conditions according to
the first series and varied the rotation rate from 45 Hz to 70 Hz.
To prepare samples for the field emission scanning electron microscope (FE–SEM—JEOL
JSM-7600TFE), we first diluted slurry samples from the mixing tank by 100 ×. The samples
then dried on a dish at room temperature for 24 h. Finally, we collected the powder with a
spatula and spread it on carbon tape. Slurry samples for the transmission electron microscope
(TEM—JEOL JEM-2100F) were diluted 20 × with distilled water. We dipped the TEM
sample holder into the solution then evaporated the water at room temperature for 10 min.
Table 5.1 Taguchi experimental plan
Test LFP loading Media size Surfactant-to-LFP mass ratio Rotation rate
mm Hz
1 0.20 0.5 0.000 40
2 0.20 0.3 0.004 60
3 0.20 0.4 0.008 80
4 0.25 0.4 0.004 40
5 0.25 0.5 0.008 60
6 0.25 0.3 0.000 80
7 0.30 0.3 0.008 40
8 0.30 0.4 0.000 60
9 0.30 0.5 0.004 80
5.4 Results and discussion
We ranked factors of the Taguchi experimental plan with respect to their impact on through-
put and milling energy via a range analysis.
The initial particle size distribution (Fig. 5.3(a)) is quasi bimodal — most of the particles
are greater than 10 µm with 20 % between 0.8 µm to 10 µm. It took 2 min to feed all the LFP.
In Test 3, 90 % of the LFP is smaller than 1 µm after 7 min and the distribution is bimodal.
At 16 min the distribution becomes log-normal as the larger fractions fracture and abrade.
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The PSD was essentially constant after 21 min at a d50 of 0.15 µm.
Figure 5.3 PSD of Test 3, at (a) 0 min, (b) 7 min, (c) 10 min, (d) 16 min, (e) 21 min, (f) 26
min.
The criterion to compare tests was the time it took to reach a d50 of 0.2 µm, which then
became the basis to calculate specific throughput and energy that relate the operating condi-
tions to specific capacity.
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5.4.1 Power and energy analysis
Energy introduced to the system creates new surface as the solids abrade and fracture. It
generates heat through viscous effects and runs the motor to rotate the impellers (motor
inertia). While the first two components generally scale to larger sized units, motor inertia
becomes negligible in industrial scale units. We calibrated the power draw of the empty
mill—no media, powder or water—at every agitator rate to compare the energy consumed
while milling. The motor power consumption alone in the 40 Hz to 80 Hz range represents
between 30 % to 60 % of the 1 kW motor capacity (Fig. 7.2).
Figure 5.4 Power consumption with the mill running empty.
The minimum in the power curve is probably due to the motor tuning, which was intended
to operate at 60 Hz. The total power remained nearly constant over the duration of each test
but it fluctuated by 2 % (maximum) for less than 2 s occasionally. The energy consumed is
based on the average of the power in the time it took to achieve a d50 of 0.2 µm. The response
variables for the tests are specific throughput and effective grinding energy (Tab. 7.4).
The operating conditions in Tests 2 and 8 achieved the highest throughput and lowest specific
energy among the 9 experiments. Tests 3, 6 and 9 — at the highest rotation rate — achieved
high throughput rates but at high specific energy cost. The throughput was lowest in Test 1
with an unacceptably high specific grinding energy.
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% nm m2 g−1 cc/g mA h g−1
1 2.8 78 31 0.13 75
2 2.4 84 21 0.09 79
3 2.2 46 24 0.23 115
4 3.7 47 36 0.14 77
5 4.0 35 32 0.15 106
6 3.5 36 24 0.09 130
7 4.3 29 51 0.29 63
8 3.2 31 32 0.10 125
9 3.6 26 31 0.14 138
10 2.8 108 24 0.15 72
5.4.2 Grinding process optimization
The optimal grinding conditions maximize the specific throughput (smaller or fewer mills and
lowers capital expenditures–CAPEX) while minimizing the specific effective grinding energy
(operating expenditures–OPEX). On the basis of a range analysis, (Tab. 5.3) the rotation
rate followed by media size are the most important factors, while the effect of LFP loading
and surfactant are minimal. The elements in the table are averages of the tests at the same
level for a given variable. The range is calculated for each variable and the variables are then
ranked from highest to the lowest. A large range indicates that that factor has a sizeable
impact. We selected the optimum condition based on a composite of the best level for each
factor.
The optimal conditions from the range analysis are : a rotation rate of 60 Hz, a media size
of 0.3 mm, a surfactant-to-LFP mass ratio of 0.008 and a LFP loading of 0.3. The impact
of the LFP loading and surfactant-LFP mass ratio were lower than the impact related to
rotation rate and media size. A second order model (Statistica) with the surfactant-to-LFP
ratio set at 0.008 and LFP loading of 0.3 predicts the throughput is highest with a media
size of 0.4 mm and a rotation rate of 65 Hz (Fig. 5.5 (a)). The minimum specific energy is
closer to 0.3 mm and 50 Hz.
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Table 5.3 Range analysis
Standard level Specific throughput Effective grinding energy
kgLFP/kgYSZ/h kWh/kgLFP
LFP loading 0.20 0.32 1.19
0.25 0.31 0.96
0.30 0.34 1.02
Range for LFP loading 0.03 0.23
Media size 0.3 0.36 0.77
mm 0.4 0.36 0.88
0.5 0.24 1.52
Range for media size 0.12 0.75
Surfactant-to-LFP mass ratio 0.000 0.31 1.16
0.004 0.30 1.12
0.008 0.35 0.89
Range for mass ratio 0.05 0.27
Rotation rate 40 0.16 0.77
Hz 60 0.42 0.47
80 0.38 1.94
Range for rotation rate 0.26 1.47
65
Figure 5.5 Surface response of throughput (a) and specific energy (b).
5.4.3 Regression model
The maximum throughput of the mill is limited by the properties of the LFP, slurry rheology,
filter characteristics, viscosity, and temperature. We derived a regression model to fit the ex-
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perimental data that includes operating conditions like rotation rate, loading, media size,
and surfactant concentration. The fitted parameters of the model only apply to the Netzsch
minifer but the form of the equation may apply to larger scale wet media mills. The 0.1 mm
filter blocked when the slurry concentration exceeded 0.3 g g−1 (mass of LFP per mass of
slurry). The highest specific throughput, Qmax, for the system is 0.45 kg LFP/kg YSZ h−1.
The throughput decreases with both the solid loading, L, and media size, M , while it in-
creases with rotation rate, R, and surfactant to LFP mass ratio. The model that best fit the
experimental data (excluding Test 8 that we consider sui generis) holds that the effect of
media size is proportionately greater than solid loading while the rotation rate has a higher
impact then surfactant T (Eq. 5.1). This model accounts for 89 % of the variance in the data.
Q =
logL+R+ a1 ∗M3
a2 ∗ (T + a3)
(5.1)
The fitted coefficients are a1 of -230, a2 of 2.7 and a3 of 0.014. The expression that best





Eq. 5.2 accounts for 91 % of the variance in the data with a4 and a5 equal to 1.1e-5 and
0.050, respectively.
The specific throughput of a complementary test at the optimum condition (L = 0.30, R
= 60 Hz, M = 0.3 mm, and T = 0.008 g g−1) was 0.40 kgLFP/kgYSZ h−1 and an effective
grinding energy of 0.32 kW h /kgLFP. Both specific throughput and effective grinding energy
agree well with the predictions from Eq. 5.1 and Eq. 5.2 0.41 kgLFP/kgYSZ h−1 and 0.32 kW h
/kgLFP, respectively. The results of the optimum condition are a good compromise between
high specific throughout and low effective grinding energy.
5.4.4 Rotation rate test
The objective of this stage was to generate complementary data as a function of the rotation
rate, while the other factors were kept constant. At the optimum conditions, we withdrew
samples from the system until the particle size reached 0.1 µm to support a PBM effort. The
effective grinding energy varied with rotation rate corresponding to the peak of the motor
curve (Fig. 5.4). A small shift in the motor curve near the peak affects the calculated energy
because the milling process is inefficient with more than 95 % of the input energy dissipated
as heat (Zheng et al., 1996).
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Here we derive a PBMwith a selection function, S, that accounts for the speed, and a breakage
function, B that characterizes the fragment distribution when particles break. We divide the
PSD into n classes beginning with class 1 for the coarsest particles (dp,1 = 8.816 µm) to
class 20 for the finest particles (dp,20 = 0.051 µm). We assume first-order kinetics, particle
aggregation is negligible, and that the model is invariant with time (Bilgili and Scarlett,










N > i > j > 1 with vi(0) = vi0, (5.3)
Here, i and j are the size-class indices running up to N ; t is the milling time and vi(t) is
the fraction of the particles in each class i. The selection function, Si, represents the fraction
of the particles in class i that fragment. These particles accumulate in lower classes, j for
which j < i and bi,j represents the fraction of the particles distributed to each of the lower
classes. For example, when particle class 2 fractures equally into 4 lower classes j = 3, 4, 5, 6,
b2,3 = b2,4 = b2,5 = b2,6 = 0.25. In this study, we measure 20 classes.
dV
dt
= B × S · v (5.4)
v= {vi|i = 1, 2, . . . , n} = vector of PSD by volume.
Herbst and Fuersteneau (1980) resolved this equation with a linear approximation
V = (HJH−1)V0 (5.5)
V 0= {v0|i = 1, 2, . . . , n} is the vector of the initial feed particle distribution by volume,
which can be measured. H = {hij|i, j = 1, 2, . . . , n} is the lower triangular matrix :
hij =

0 if i < j,





if i > j.
(5.6)
J is a diagonal matrix which :
Jij = e−Sit when i = j (5.7)
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Sj is the selection function in class j. Accordingly, J varies with time, and H is related to
S and B. Since B depends on material characteristics, it is invariant with time and rotation
rate and can be normalized as :
bi,j = Bi,j −Bi+1,j (5.8)












Vj+1(0) and Vj+1(t) represent the cumulative volume fraction in class j+1. With first order








We ensure the Bi,j range from 0 to 1, and Si is positive number.
Change in article size distribution during milling
Austin II methods fit dry milling operation well, particularly for the mining industry in which
the initial particles are greater than 4 cm and the final distribution is an order of magnitude
smaller. Although the method is less accurate compared to optimizer-based identification
methods (Capece et al., 2011), it is simpler, and, in this case, it fits the experimental data.
We sampled the slurry after 99 % of the particles completed a loop in the grinding chamber
and assigned the value of B and S at this point in time (Eq. 5.9 and Eq. 5.10). with 20
particle size classes from 0.05 µm to 9 µm. and include matrix V o, Sj and Bi,j calculated
from H matrix (Eq. 5.6) and J (Eq. 5.7). Then we calculate V (t) for any time, t (Eq. 5.5)
and compared the PBM output with the data coming from PSD. To extend the model to
account for operating conditions, we fit Sj as a function of rotation rate.
Rather than considering all classes, we focus on the d10, d50 and d90 to characterize the
change in PSD with time. We tested 6 rotation rates from 45 Hz to 70 Hz at intervals of 5 Hz
(Fig. 5.6). Since the model is temporally continuous, we represent it with shaded areas on
the plot and the vertical bars represent the test results. The line dividing the upper and
lower shaded areas is the PBM d50 and the open square symbol is the experimental d50.
The upper shaded area corresponds to the particle fraction from d50 to d90 while the lower
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shaded area corresponds to particles between the d10 and d50. The experimental range of
the larger particle fraction and smaller particle fraction (vertical bars) correspond well with
the shaded area of the model accept at the beginning of the test. Initially the samples have a
bimodal distribution, which affects the calculated particle diameter more so the fit is poorer.
The ranges agree well for all rotation rates and all times. The deviation between the model
and the experimental data rarely exceeds 0.026 µm. At the higher rotation rate (65 Hz), there
is a greater variability in the experimental data, which might be due to sampling.
5.4.5 Specific throughput fitting from PBM
Planning a milling process requires an estimate of the time to achieve the desired particle
size. The PBM is capable of estimating that time when both B and S matrices are known.
For a new powder (or mill), we derive the B matrix and the values of the matrix remain
constant for the same mill and for all operating conditions because it is material specific. We
then estimate the S matrix based on regressing the particle size distribution with time of the
first test. Based on the variable separation method, we know that Sj varies with j and it
is related to the rotation rate (R). However, because all the particle classes are distributed
homogeneously in the slurry, we express Sj as a function of (dp,j) and rotation rate R :
Sj = f(dp,j)g(R) (5.11)
In order to determine f(dp,j) we fit the data from the experiments at a constant rotation
rate express Sj as :
Sj =
c1
1 + exp (c2 ln dp,j + c3)
(5.12)
where the constants c1, c2 and c3 equal -0.0075, -0.028, and 0.011, respectively. This de-
monstrates that the selection function varies with the particle size (Eq. 5.13).
To isolate the effect of rotation rate, g(R), we compared the average Sj at each experiment
and regressed the data based on a linear equation (r2 = 0.9956)
Sj = d1 + d2R (5.13)
where the constants d1 and d2 equal -0.0310 and 0.0053, respectively.
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Replacing Eq. 5.13 and Eq. 7.6 in Eq. 5.11 gives
Sj =
m1 +m2R
1 + exp (m3 ln dp,j +m4)
(5.14)
wherem1, throughm4 equal 2.3× 10−4, −4.0× 10−4, −2.8× 10−2, 1.1× 10−2, respectively.
The deviation of this model is −0.01 µm to −0.04 µm based on 95 % confidence interval. In
order to substantiate the robustness of the model (Eq. 5.14), we conducted an additional test
at a rotation rate of 50 Hz (Fig. 5.7). The fit between the model and this additional test is
comparable to the other tests : The fit between the model and the d10 and d90 is good but the
experimental d50 has more variability, which we attribute to the initial bimodal distribution
and sampling. The throughout relates to the time required to achieve a target particle size—
d50. Using the PBM, we determine the time required to achieve a target particle size and
from there determine the corresponding throughput. The throughput (drop in d50 with time,
Fig. 5.6) declines asymptotically. These trends highlight the importance of defining a realistic
target for the particle size : overzealous targets require long processing time (high operating
costs) and/or larger mills (capital costs).
Dry agglomerated particles are several µm in diameter (Fig. 5.8 (a)) and consist of fragments
on the order of 0.1 µm to 0.5 µm (circled in the image at the upper left hand). To prepare
samples for SEM, the powder must dry and during the process small particle fragments ag-
glomerate. The PSD analyser reports fewer large particle clusters than those evident under
SEM, which is due to the sample preparation : We transfer the samples from the slurry di-
rectly to the PSD analyser without any further processing so the particles remain separated
to a greater extent. TEM images demonstrate that the grain size of the fragments are around
0.01 µm and the relatively large particles are around 0.6 µm (Fig. 5.8 (b)). The TEM images
suggest that the crystals are smaller than the particle fragments reported by the PSD ana-
lyser. The PSD data is derived from Mie theory that may introduce some error due to the
inherent assumptions of the model. The potential measurement error for a 0.1 µm particle
should be on the order of ±0.02 µm.
5.5 Conclusions
The relatively high cost of cathode materials limit the commercial penetration of batte-
ries in the automotive industry. New processes like melt casting are substantially more effi-
cient and flexible than current technology and reduce costs over conventional manufacturing
processes—particularly with respect to the requirements of the purity of the feedstock. To
maintain these cost advantages requires efficient milling processes to reduce 20 cm ingots
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to 0.2 µm powder. Here we demonstrate that media milling effectively reduces the LiFePO4
particle size. The optimized conditions of the media mill were : LFP loading 0.30 g g−1, yttria-
stabilized zirconia media (YSZ) size 0.3 mm, surfactant-to-LFP mass ratio 0.008 g g−1, and
a mill rotation rate 60 Hz. Under these conditions, the effective grinding energy was 0.32
kWh/kgLFP and the specific throughput was 0.40 kgLFP/kgmedia/h. The media mill rota-
tion rate is the most significant factor affecting throughput but at a cost since the energy
consumption increases. The PBM model characterizes the ultra-fine grinding data. Each pow-
der has a characteristic tendency to attrit when subjected to mechanical stress. The model
describes the change in particle size with time based solely on the breakage function and so
should be applicable to other materials. Less energy is dissipated as heat in larger mills, thus
the effective grinding energy will be higher. Future work to scale-up data generated in small
mills will account for this effect.
5.6 Acknowledgements
The authors recognize the support of Natural Science, Engineering Research Council of Ca-
nada and the Canadian Foundation for Innovation—(Automotive Partnership Canada) and




bi,j Specific breakage rate parameter (dimensionless)
Bi,j Cumulative breakage rate parameter (dimensionless)
B Cumulative Breakage function matrix
CAPEX Capital expenditures
dp(i) particle size for class i (µm)
E Effective grinding energy (kWh/kgLFP)
FE–SEM Field Emission Scanning Electron Microscope
hij Element of lower triangular matrix
H Lower triangular matrix
Jij Element of diagonal matrix
J Diagonal matrix
L LFP loading (mass of LFP/mass of suspension)
LFP LiFePO4
LIB Lithium ion battery
M Media size (mm)
N Total number of size classes
OPEX Operating expenditures
PBM Population Balance Modeling
PSD Particle size distribution
Q Specific throughput (kgLFP/kgYSZ/h)
R Rotation rate (Hz)
Si Selection parameter in size class i (min−1)
S Select function vector
T Surfactant-to-solid mass ratio
t Time
TEM Transmission Electron Microscope
vi Volume parameter in size class i (dimensionless)
v Specific volume fraction matrix
V Cumulative volume fraction matrix
YSZ Yittria-Stabilized-Zirconia
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Figure 5.6 Comparison for PSD of test result and simulation. (a) 45 Hz, (b) 55 Hz,(c) 65 Hz.
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Figure 5.7 Validation for PSD of test result and simulation at 50 Hz rotation rate.
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Figure 5.8 Morphological character of LFP product on 60 Hz test (a) SEM, (b),TEM.
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CHAPTER 6 ARTICLE 3 - ULTRASOUND ASSISTED WET STIRRED
MEDIA MILL OF HIGH CONCENTRATION LiFePO4 AND CATALYSTS
He Li,Mohammad Rostamizadeh,Kahina Mameri,Daria C. Boffito,Nooshin Saadatkhah,Marco
Giulio Rigamonti,Gregory S. Patience.
Article to published in Canadian Journal of Chemical Engineering
6.1 Abstract
Wet media mills grind solids to the nanometric size and the performance of the mills depends
on solids loading, particle morphology, surfactant concentration, and material characteristics.
As the particle size decreases, they tend to form clusters that reduce the grinding efficiency.
Ultrasound deagglomerates these clusters thereby increasing efficiency but, surprisingly, it
can operate at higher solids concentrations. We processed suspensions of LiFePO4 (LFP)
with a yttria stabilized zirconia media with size from 0.3 mm to 0.4 mm, and surfactant-to-
LFP mass ratio 0.008. The combined method ground the particle size from 35 µm down to
0.2 µm in 90 min with a throughput of 0.68 kgLFP/kgmedia/h. We also tested the improved wet
media milling on two catalysts : (WO3/TiO2 and Vanadyl pyrophosphate (VPP) precursor)
to confirm the trends. We adopt a model for the steady state and repeatable micronizing pro-
cess with ultrasonic assistance. According to TEM imaging the WO3/TiO2 catalyst primary
particles (20 nm) are much smaller than the agglomerated ones measured by laser diffraction
(470 nm). VPP precursor slurry is normally an unstable suspension that is hard to mill. It
formed agglomerates with recrystallized silica and VPP flocculation. The ultrasound assis-
ted wet milling technique produced nanometer scale particles ( 180 nm), which is otherwise
impossible. We developed and updated the steady state micronizing process with ultrasonic
assistance using a simplified population balance model. The model accounts for R2 > 0.95
of the variance in the experimental data.
Keywords
WO3/TiO2, LiFePO4, VPP precursor,wet stirred media milling, high concentration , nano-
particles ,surfactant, particle size distribution
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6.2 Introduction
Lithium ion batteries (LIB) dominate the electronics market because of their low equivalent
weight and high standard potential.(Li et al., 2009; Jugovic and Uskokovic, 2009; Cunha
et al., 2015) The market includes portable electronics, power tools, grid storage and auto-
mobiles.(Gong et al., 2016a) Cathode materials account for much of the commercial success
of the LIB.(Huang et al., 2017) LiFePO4 (LFP) is a promising cathode material because of
its low environmental footprint, intrinsic safety, high power capabilities, and potential for
low cost.(Guo et al., 2016) However, low electrical conductivity and slow Li+ ion diffusion
limit LFP applications.(Kraas et al., 2014) Reducing the particle size (comminution) down
to submicron and nano-sized particle improves both characteristics Wet media milling is su-
perior to other micro manufacture technology to achieve sub-micron particles particularly
with respect to the energy input.(Bilgili et al., 2004; Gong et al., 2016b). LFP from wet
media milling has higher charge-discharge capacity, a better cycle lifetime and shorter pro-
cessing time compared to dry milling.(Lv et al., 2014; Islam et al., 2015) Pharmaceutical,
food technology, mining, and catalyst manufacture are among the industries that apply this
technology.(Zhao et al., 2017; Burmeister et al., 2013; D.Tsamatsoulis, 2014). Wet media
milling is easily scalable, improves electrochemical proprieties and has a low environmental
impact and cost.(Gong et al., 2016a; Deng et al., 2016; Liu et al., 2014)
Catalyst plays a vital role in the chemical industry,(Mogalicherla and Kunzru, 2010; Cha-
moumi and Abatzoglou, 2016; Mahboub et al., 2016a) as it increases a process efficiency cata-
lyst activity and selectivity performance to particle size and specific surface area.(Yilmaz and
Muller, 2009; Stenger et al., 2005; Mahboub et al., 2016b) Furthermore, smaller particles last
longer.(Gao and Zhang, 2001; Gopalakrishnan et al., 2007) Here, we tested the milling per-
formance of DuPont’s vanadyl(IV) hydrogen phosphate hemihydrate (VOHPO4−0.5 H2O)
and WO3/TiO2.(Patience and Bockrath, 2010; Dalil et al., 2016) In DuPont’s commercial
process to produce maleic anhydride by partially oxidizing n-butane over vanadium pyro-
phosphate micro-spheres (70 µm), an air jet mill first micronized the VOHPO4−0.5 H2O to
2.5 µm.(Patience and Bockrath, 2010) WO3/TiO2 catalyst is widely used as photocatalyti-
cally active (Malik et al., 2017; Gaikwad et al., 2016), or electron storage material.(Hunge
et al., 2017; Zhao et al., 2009)
Fine particles like LFP, VPP and WO3/TiO2 agglomerate due to van der Waals forces
(VDW). The shear stress of the agglomerates is higher in liquid-solids suspensions com-
pared to gas-solids systems. Adding surfactant increases the shear stress by reducing VDW
forces. But as the particle size decreases further, milling efficiency decreases due to the in-
crease in the attractive forces, which takes more energy to break the agglomerates. Some
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researchers have applied ultrasound in the pre-mixing step to break up agglomerates before
they enter the milling chamber but this is the first study to report the tremendous advantage
of applying ultrasound directly inside the milling chamber.(Toraman and İnal, 2017; Anand
et al., 2015; Patel et al., 2014; Tang et al., 2010). Ultrasonic waves operate at the micro-
scale and reduce particle agglomeration to maintain individual particles well dispersed in the
slurry.(Gaete-Garreton et al., 2000; Sauter et al., 2008) Agglomerates are structurally weak
compared to chemical bonds so the physical agitation introduced by bubbles growing and
collapsing is sufficient to deagglomerate small clusters.
Ultrasonic horns are common, inexpensive and may be adapted to fit a wide range of geo-
metries. Ultrasound generates very fine water mists in humidification systems, clean metal
surfaces, deagglomerate solid suspensions to measure particle size distribution, and increase
mass transfer and reaction rates.(Pokhrel et al., 2016; Boffito et al., 2013; Chen et al., 2012)
High local temperature from the implosion of acoustic bubbles (Kauer et al., 2017) form
surface defects.(Kang et al., 2016) Ultrasound increases solid-fluid contacting.
Here, we tested the hypothesis that ultrasound reduces milling time by increasing particle
dispersion and thus media-particle contact. We micronized LFP, VPP, and WO3/TiO2 with
and without ultrasound. The media mill operated with a mass fraction of 60 % LFP solids
in water and reduced the particle size below 200 nm.
6.3 Material and methods
A Netzsch media mill (Minifer) suspended particles in water and circulated slurry from a
mixing tank to the grinding chamber The chamber operated with 120 mL of hard yttrium
stabilized zirconia (YSZ). The media occupied 60 % of the chamber volume while the re-
commended full capacity was 80 % (Figure 6.2). An impeller rotated the YSZ media in the
chamber so that particles collided with each other and the YSZ (pinching). As a consequence
of these mechanical stresses, the particles fractured and the slurry viscosity increased. The
time it took to micronize powder and to reduce average particle size depended on the particle
characteristics—hardness, friability, structure–YSZ diameter, viscosity, temperature, and how
well the particles were dispersed.
A 100 µm mesh size filter trapped media inside the chamber. The total volume of water in
the system (chamber+lines+mixing tank) was 292 mL.
To start-up, we set all operating parameters—agitator, pump and ultrasounic horn power—to
their set point and added powder gradually over 30 min to avoid clogging the filter. Time ’0’
corresponded to the time when we first introduced solids to the mixing tank. After adding all
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Figure 6.1 Schematic of the Netzsch media mill grinding chamber
the powder, we extracted samples every 5 min to 10 min. The mill operated until the particle
size distribution (PSD) no longer changed.
We mounted an ultrasonic probe through a hole in the faceplate of the milling chamber so
that its tip was flush with the inner surface of the plate and did not protude into the chamber
(Figure 6.1). The ultrasound processor VCX500 (Sonics & Materials, Inc.) had a maximum
power output of 500 W.
In our original design, the media beads had a tendency to lodge in the space between the
probe and the faceplate hole. This would eventually cause the ultrasound probe to convey
its movement to the body of the faceplate and overall body of the micronizer, resulting in
vibration and eventually shutting down of power to the probe. To eliminate this phenomenon,
we reduced the slurry flow rate to 3 mL/min, which reduced the chamber pressure and
improved the flow characteristics. We also added a silicon washer to seal the chamber and
attenuate the vibrations from the probed to the faceplate.
An induction furnace melted lithium, iron and phosphorous compounds that reacted to form
LiFePO4 and casted as 200 mm ingots(Moh’s scale of hardness is 6).(Kasprzak et al., 2017)
A Pulverisette 1 model II (Fritzch) jaw crusher reduced 50 kg of the ingots to below 3 mm,
then an MPE 6F granulizer roller mill further reduced the particles : d50 = 27 µm and
d99 = 100 µm. Arkema supplied the WO3/TiO2 cylindrical catalyst pellets 6 mm × 3 mm.
After 4 passes in the jaw crusher, the WO3/TiO2 passed through a 212 µm sieve (US standard
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70 mesh) with the help of a shaker (Ro-Tap E8). DuPont contributed VPP core-shell precursor
to this study(Patience and Bockrath, 2010) with a d50 = 81 µm. An Horiba LA-950 laser
diffractometer measured the particle size distribution of all powders with the Mie algorithm.






where Ni is the number of particles with the corresponding diameter di. With a suitable
refractive index (RI), the Mie theory applies well for spherical particles(Gelinas and Vidal,
2010). For each sample we extracted from the outlet pipe of micronizer’s grinding chamber,
we immediately added it to the sample bath of the laser diffraction analyser. We set the
circulation speed at level 3 and agitation speed at level 3 (no ultrasonication). The refractive
index (RI) of LFP was set at 1.6800 for the real term and 0.1 for the imaginary term. For
the dispersed phase (water) we set the RI at 1.3333 and 0 for the real and imaginary terms,
respectively. For VPP and WO3/TiO2, the real terms were 1.660 and 2.750, respectively, and
the imaginary term was 0. All the measurements were processed when the transmittances of
red light was stable in the range from 80 % to 90 % and blue light was between 70 % to 90 %.
The instrument precision was within a standard deviation of ±2 %.
In the first series of experiments(Knieke et al., 2010), we ground LFP at standard operating
conditions (Li et al., 2017b) : The yttria-stabilized zirconia media (YSZ) ranged from 0.3 mm
to 0.4 mm ; The Triton R©X-100 surfactant-to-LFP mass ratio was 0.008 g g−1 and the chamber
impeller rotated at 50 Hz. We set the ultrasound amplitude at 40 %, with pulse time on
3 s, off 1 s. The LFP loading ranged from 0.45 g g−1 to 0.6 g g−1 (238 g to 438 g of LFP in
292 mL water), in the absence of ultrasound assistance, mill operated poorly at an LFP
loading of 30 %. In the second series of tests, we compared wet stirred media milling with
and without ultrasound for LFP, WO3/TiO2 (initial d50 = 180 µm), and VPP precursor
(initial d50 = 81 µm).
Netzch recommends choosing media 20 times larger than the d90 of the feed material. So,
we loaded 120 mL of yttria-stabilized zirconia media (diameter of from 0.7 mm to 0.9 mm) to
the milling chamber. According to our previous work (Li et al., 2017b), we added 73 g powder
to the feed tank gradually with 250 mL distilled water (no surfactant). The circulation rate
between the mixing tank and chamber was 3 mL/min . The amplitude of the tests with
ultrasound was set to 30 %.
To confirm the PSD measurements with the laser diffractometer, we imaged samples with
a transmission electron microscope (TEM—JEOL JEM-2100F). To prepare the samples, we
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first suspended the solids in a 95 % solution of ethanol in water at a of 20 : 1 (liquid :solids).
Then we dipped the TEM sample holder into the solution and allowed it to dry at room
temperature for at least 10 min.
6.4 Result and discussion
6.4.1 LFP Solids Concentration
The optimal operating milling conditions in the absence of ultrasound are(Li et al., 2017b) :
YSZ dp = 0.3 mm to 0.4 mm 150 mm beads (60 % of the chamber volume), pump circulation
rate at 6 mL min−1, surfactant-to-LFP mass ratio is 0.008, and an impeller rotation rate of
50 Hz.(Li et al., 2015, 2017c) At these conditions, the LFP solid mass loading was limited
to 30 %. At higher slurry concentrations an overpressure switch would shut down the mill :
slurry and media blocked the filter. As the particle size drops, the grinding efficiency de-
creases, which is due to particle agglomerates, fewer Griffith flaws(Boldyrev et al., 1994) and
crystal defects, and the viscous dampening effect.(Bilgili and Afolabi, 2012) Agglomeration
comprises contacting and adhesion. Small particles coat the surface of larger particles(Kolacz
and Sandvik, 1994; Knieke et al., 2013) and act as a cushion and protect the primary par-
ticles from being ground.(Shah and Austin, 1983) Surfactant prevents agglomeration but it is
effective at low concentration. The impact of the YSZ on the agglomerates breaks them up.
However, the contact rate of smaller particles increases and particles in close particles reform
agglomerates. In extreme cases, mechanical alloying bond primary particles. Thus, in wet
stirred media milling processes, for small sizes, energy is wasted to deagglomerate particles
bound by VDW forces rather than comminution.
Since stirred media milling is a batch process, increasing solid loading relates directly to
throughput (as long as the milling time remains constant). For this reason, solid loading is
a primary concern of industry,(Strazisar and Runovc, 1994; Hogg et al., 1990) but higher
loading will decrease the probability and intensity of media-media collisions and accelerate
media by erosion or fracture, thus product contamination.(Li et al., 2015) A higher loading
will decrease downstream processing requirements. Often, we require a dry powder, so higher
solids concentration translates to lower heat load to a dryer to evaporate solvent (water) and
shorter processing times.
Ultrasound generates alternating low-pressure and high-pressure waves in slurries, due to
vacuum bubbles forming and collapsing. This causes high speed jets that impinge on the
particles in the slurry creating hydrodynamic shear-forces that favour deagglomeration. Solids
attenuate the ultrasound but since the impeller agitates the slurry vigorously, so they pass
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close to the ultrasonic horn frequently. We introduced the horn through a hole drilled in the
faceplate and placed the horn tip flush with the interior of the plate (Figure 6.2). Furthermore,











Figure 6.2 Sketch of Minifer wet media mill (NETZSCH - Feinmahltechnik GmbH).
Tiny vacuum bubbles that cavitate and form jets directed at the particle surface at the
nano-scale accompany the pressure waves. The principle of our design is to cavitate bubbles
in the vicinity of the filter to reduce powder build up at the surface. Furthermore, ultraso-
nic waves transmit directly into the grinding chamber, which penetrates into the slurry to
deagglomerate clusters passing close by, thus increasing the media mill efficiency.
Take the 50 % LFP loading test as an example : the initial particle size distribution (Fi-
gure 6.3(a)) is quasi bimodal—most of the particles are greater than 10 µm. After 30 min,
the PSD remains bimodal with a narrow, sharp peak at 0.1 µm (Figure 6.3(b)), but the peak
height at 1 µm is lower and broader. After 1 h, both peaks remain but the peak centered
at 0.1 µm is larger, while the coarser peak has shifted towards 0.6 µm and the peak height
dropped further (Figure 6.3(c)). The PSD becomes approaches a uniform log-normal after at
1.5 h (Figure 6.3(d,e)).
We extracted samples from the mixing tank every 5 min. For each of the tests with the four
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Figure 6.3 PSD of Test 50% LFP loading, at (a) 0 min, (b) 30 min, (c) 1h, (d) 1h 30 min (e)
2h.
LFP loadings, the particle size, D4,3, decreases exponentially with time, t (Figure 6.4). We
fit the data to a simplified population balance model (PBM). The mass balance equation for









bij = 1 (6.2)
N ≥ i ≥ j ≥ 1 with Di(0) = Di0,
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Figure 6.4 LFP milling data and fit curve R2 = 0.96
Here, N is the number of size-classes, i and j are the size-class indexes up to N ; Di(t)
is the fraction of the particles in class i and bi,j represents the fraction of the particles
distributed to each of the lower classes. The selection function, Si, represents the fraction of
the particles in class i that fragment. The breakage function bi,j represents the fraction of the
particles distributed to each of the lower classes. We considered first order grinding kinetics
and neglect the breakage function term. Then we assumed all the size-classes have the same
selection function. Comparing with the starting mean size of 35 µm, we also neglected the
final size of 0.1 µm. Thus we simplified the PBM model to a simple exponential expression :
D4,3 = 0.21 · x1/4e(−0.012t) R2 = 0.96 (6.3)
where x is the solids mass fraction. We ignored the first sample point at each mass fraction
and the data at 50 % which resembled the data at 55 % in the figure.
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6.5 Milling WO3/TiO2, VPP and LFP
The media mill reduces LFP to 0.2 µm even at a solids loading as high as 60 %. Here, we
tested other solid types to gauge the efficacy of milling with ultrasound. Catalyst particles
are composed of secondary particle agglomerates. The primary particles consist of several
crystal phases and varying grain sizes and surface acidity (Figure 6.5). Acid cites and crystal
defects at the surface contribute to catalytic activity. Milling promotes fragmentation at
phase boundaries that exposes these cites and thereby increase activity (conversion) but
they also expose non-selective sites that decreases selectivity.
Secondary particle Primary particle Crystal grain
Acid 
site
Figure 6.5 Fragmentation mechanisms.
In ultrasonic waves-assisted micronization, ultrasonic waves promote acoustic cavitation,
which increases the solid-liquid slurry temperature and the contact between the solids phase.
The increased contact (and lowered viscosity) reduces the time it takes to micronize the
particles to a certain diameter or, for the same micronization time, it reduces the size of the
particles. The acoustic waves may also have a direct impact on lattice grain boundaries to
accelerate micronization.
The initial particle size of the WO3/TiO2 catalyst was 180 µm (Figure 6.6(a)). Sonicating
the grinding chamber while milling reduces the particle size to 0.47 µm 50 % faster compared
to the test without ultrasound. The trend for the d90 fraction is the same as that of the
d50 fraction (Figure 6.7). The fresh charge represents rapid particle size reduction of initially
angular particles in the first few minutes of operation, which produces relatively coarse par-
ticles. The particle size reduction rate then decreases to approximately steady state rate.
Inter-particle friction and shear energy absorption control the particle size reduction rate.
As with the WO3/TiO2, ultrasound accelerates the particle size reduction rate of VPP pre-
cursor (Figure 6.6(b)). After 50 min, the particle size drops to 0.18 µm with ultrasound while
the conventional method is unable to achieve this particle size even after 180 min. The fi-
nal particle size without ultrasound is 0.34 µm. Ultrasound enhances deagglomeration of the
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Figure 6.6 Particle size variation vs. time, WO3/TiO2 (a) ,VPP (b) and LFP(c) In the figure,
filling area represent regression model form d50 to d90. Bars represent the measuring size
of d90 (top) and d50 (bottom). Blue and red colour represent with and without ultrasound
respectively. The particle size reduction is faster with ultrasound (blue shaded area) versus
standard milling (red shaded area).
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Figure 6.7 particle size distribution of WO3−TiO2. (a) Grinding without ultrasound, (b)
Grinding with ultrasound
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Figure 6.8 Particle size distribution of VPP precursor as a function of time. (a) Grinding
without ultrasound, (b) Grinding with ultrasound
VPP particles at the nanometeric scale, which increases contact surface between the grin-
ding media and VPP particles. Both micronization methods represent similar trends for d90
reduction (Figure 6.8). The VPP particle is a mixture of vanadium hemi-hydrate and silica.
During the spray drying process, the silica migrates to the surface and polymerizes thus for-
ming a hard resistance shell with the core consisting of the VPP that had been micronized
in a jet mill to 2.6 µm. After 5 min of milling, most of the particles are smaller than 10 µm.
At 20 min the PSD is close to Gaussian for the sample that is ground with ultrasound, but
a shoulder is still evident for the milled sample without ultrasound. At 50 min the bimodal
distribution reemerges but the fraction of the particles around 0.2 µm is 5 times greater than
the milled sample without ultrasound. Also, at 30 min there is a larger fraction of particles
less than 1 µm than without sonnication at 50 min.
As for LFP, ultrasound accelerates the particle size reduction rate by as much as 50 % compa-
red to the conventional method (Figure 6.6 (c)). During the ealry stages of ultrasound milling
reduces particle size of the d50 and d90 fractions within 30 min that takes the conventional
milling 70 min. Even ultrasonic milling efficiency drops off thereafter, but its PSD is narrower
than conventional method’s (Figure 6.9).
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Figure 6.9 particle size distribution of LFP. (a) Grinding without ultrasound, (b) Grinding
with ultrasound
A combination of ultrasound and ball milling intensifies effective collisions that increases
breakage rates to reduce particle size faster. As particles become smaller, they form clus-
ters.(F.Franco et al., 2004) On one hand, ultrasound deagglomerates the clusters, on the
other hand, micro-collapses bubbles created by ultrasound, form shock waves and agitates
the suspension, which helps stabilize the slurry during the milling.
Ultrasound horns emit high-intensity waves into liquids and generate micro-bubbles. The
bubbles also form microwave orthogonal to the the donut shape that forms while it collapses.
The power of the shock wave depends on the pressure caused by the sonic wave, which reaches
10 000 bar. In addition, local hot spots can reach 5000 K(U.Teipel et al., 2004). Large particle
break apart faster than small particles because bubbles collapse more frequently across the
larger surface area(C.Tangsathitkulchai, 2002). As the particle becomes smaller, the shock
wave might also become weaker.
We fit a first order rate equation to represent the d50 variation with milling time similar to





where Dt is the d50 of the milled sample at time t, Dl is the d50 at the milling limit of
the sample where no further size reduction is possible even with further milling, D0 is the
d50 of the feed material, and Kp is the breakage coefficient. In conventional milling, Kp is
greater for larger particles, which means that larger particles comminute faster (Table 6.1).
We applied this equation to model the experimental data with and without ultrasound.
The model accounts for most of the variance in the data with an R2 > 0.95. The Kp
calculated for ultrasound milling is generally greater than for conventional milling Table. 6.1.
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Nevertheless, the d90 curve for VPP and LFP show the opposite trend. This is ascribable to
the smaller D0, which imparts a lower starting point on the exponential curve.
Table 6.1 Modeling results for different experiments
Powder Size D0 D1 Kp R2
VPP without US d50 7.3 0.5 0.07 0.96
d90 30.0 1.8 0.10 0.96
VPP with US d50 6.6 0.3 0.10 0.97
d90 19.1 1.2 0.09 0.97
WO3/TiO2 without US d50 1.5 0.2 0.03 0.92
d90 5.9 0.1 0.03 0.85
WO3/TiO2 with US d50 1.4 0.5 0.09 0.94
d90 3.6 0.8 0.08 0.95
LFP without US d50 3.1 0.3 0.02 0.97
d90 28.1 1.2 0.05 0.93
LFP with US d50 2.2 0.5 0.02 0.99
d90 7.0 0.5 0.02 0.98
6.5.1 Characterization
Transmission electron microscopy (Jeol JEM-2100F) mapped the particle topography (Fi-
gure 7.7). Energy-dispersive X-ray spectroscopy (EDS) identified areas rich in silica (area 2)
and rich in vanadium and phosphorous for the VPP catalyst (area 1) (Figure 7.7(a,b)). Fi-
gure 6.8 illustrates a bimodal distribution in the PSD after milling. So milling splits the silica
core shell that is produced during spray drying (Saadatkhah et al., 2017). The WO3−TiO2
particle size follows a normal distribution. The individual grain size is 20 nm, while the secon-
dary particle size is 500 nm (Figure 7.7(c,d)). Although the catalyst system is bi-component,
the composition in areas 1 and 2 are identical, so the ultrasonic milling process is incapable
of separating WO3 from TiO2. As for LiFePO4, the differences between the ultrasonic milling
and conventional milling are unapparent. EDS on area 1 and 2 in figure 7.7(e) illustrate the
chemical components are the same in dark and grey areas. So for the battery manufacture,
ultrasound assisting milling is harmless for the crystal structure.
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Figure 6.10 TEM images : (a) VPP precursor after conventional milling, EDS analysis of
area 1 shows the main ingredient is VPP, and area 2 is silica. (b) VPP precursor after milling
with ultrasound. (c) WO3−TiO2 after conventional milling, EDS images confirm area 1 and
2 have the same composition. (d) WO3−TiO2 after milling with ultrasound. (e) LFP after
conventional milling (f) LFP after milling with ultrasound.
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6.6 Conclusions
For the first time, we have demonstrated that ultrasound with wet media milling process with
up to 60 %, which is double that of conventional milling. The milled reduced the particle size
of 400 g of LFP from a d50 of 35 µm to below 200 nm with less than 300 mL of water in
105 min. The energy input from the ultrasonic horn was 350 W h. In conventional milling,
particles agglomerate more as the particle size decreases, thus reducing milling efficiency.
Ultrasound deagglomerates these clusters, thereby increasing the media-LFP contact and
milling rate. Ultrasonic milling reduced the particle size of VPP catalyst and WO3/TiO2
catalyst 50 % faster than conventional milling. A first order model characterizes the change
in particle diameter with time and accounts for 95 % of the variance in the data. Because of
the shorter milling times, material contamination will be lower as well as capital expenditures
and operating expenses at the commercial scale.
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7.1 Abstract
To meet the objectives of the Intergovernmental Panel on Climate Change nations are adop-
ting policies to encourage consumers to purchase electric vehicles. LiFePO4 (LFP) is an
attractive cathode material for car batteries that is non-toxic (versus Li2CoO2), thermally
stable, and durable but with a moderate theoretical capacity of 170 mA h g−1 and a low elec-
trical conductivity. Commercial technology to synthesize LFP are energy intensive, produce
waste streams that incur cost, and involve multiple process steps. Here, for the first time,
we synthesize LFP precursor with lignin and cellulose in a sonicated grinding chamber of
a wet media mill. This approach represents a paradigm shift that introduces mechanoche-
mistry as a motive force to react iron oxalate and lithium hydrogen phosphate at ambient
temperature. Ultrasound-assisted wet media milling increases carbon dispersion and reduces
the particle size concurrently. The Box-Behnken design of experiments to identify optimum
operating conditions varied milling time from 3 h to 9 h, 0 % to 70 % ultrasound amplitude,
with glucose, lignin and cellulose as carbon sources, The mill produced 0.2 µm LFP precur-
sor from 40 µm feedstock. The LFP calcined at 700 ◦C for 8h after spray drying at 270 ◦C
(inlet). The discharge capacity reached 138 mA h g−1 at 1 cycle for LFP with cellulose as a
carbon source, after 9 h at 70 % ultrasound amplitude. After 2.5 h of milling the particle size
remained constant but the crystal size dropped from 107 nm (t = 0 h) to 68 nm at 3 h, 40 nm
at 6 h, and finally 29 nm at 9 h. Glucose created plate-like particles, and cellulose and lignin
spindle shaped particles. Long mill times mill and higher amplitude of ultrasound genera-
ted smoother particles surface and a more dense spray dried powder. TEM shows a 3 nm
homogeneous carbon layer covering the LFP, which is ideal to promote lithium-ion diffusion.
Keywords
LiFePO4,wet stirred media milling, ultrasound ,surfactant, particle size distribution
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7.2 Introduction
Since the transport sector represents 30 % of green house gas emissions in the United States,
governments encourage consumers to switch to electric vehicles. Batteries are the key element
to EVs(N.Nitta et al., 2015) and cathodes materials are the most expensive component of
Li ion battery (LFP)($60 h/kW) (Rigamonti et al., 2018). The first generation commercial
cathode material for LIB batteries for EVs rely on LiCoO2 (LCO), but cobalt is rare and LCO
is hazardous with respect to toxicity and flammability. Lithium iron phosphate ; LiFePO4
(LFP) is a promising cathode material (Wang and Sun, 2015) since iron is a non-toxic and
abundant, with a high theoretical capacity (170 mA h g−1), high open circuit voltage (3.45 V
vs. Li+/Li), high power capabilities, and great potential for low cost (Li et al., 2018a). LFP
has some disadvantage—low conductivity (10−9 S cm−1 (Wang et al., 2014), low lithium ion
diffusion (Wang et al., 2018b), discharge capacity and rate capability. These disadvantages
are minimized by reducing particle size to the nano-size (100 nm to 200 nm), which increases
the discharge capacity, while carbon coating increases conductivity (Table 7.1).
Solid-state, hydrothermal, and melting-casting are the three commercial process to synthe-
size LFP (Wang and Sun, 2012). Solid-state is the simplest and most common (Jugovic
and Uskokovic, 2009). An iron salt (iron acetate or iron oxalate) is milled with a lithium
compound (lithium carbonate or lithium hydroxide), and a phosphorous source (ammonium
phosphate or lithium phosphate). The milled mixture is calcined in a temperature ranging
from 400 ◦C to 800 ◦C, producing the LFP. The disadvantage of this method is that the
particle size is uncontrollable, which can be overcome by applying conventional mechano-
chemical techniques, however composites form, which reduces purity. Hydrothermal method
produces nanosize LFP with better morphology (Yang et al., 2001). Yang et al. originally
hydrothermally mixed FeSO4, H3PO4 and LiOH and processed it at 120 ◦C for up to 5 h to
make C/LFP. The disadvantage of this method is that the LFP structure is disordered, with
dislocated iron atoms blocking Li-ion diffusion, limiting the conductivity (Qin et al., 2010).
Melting-casting is under development with the lowest cost feedstock and it produces highly
crystalline LFP (Kasprzak et al., 2017), and high crystallinity. Adding Fe(III), Li2Co3 and
P2O5 stoichiometrically and heating to 1200 ◦C yields LFP. However, it produces an ingot
that requires several micronization steps to make nanoparticles.
During discharge LFP Li+ ms and forms FePO4. The charging process oxidizes iron from
Fe2+ to Fe3+, with a theoretical capacity of 170 mA h g−1, which is achievable when Li+ ions
travel along the LFP crystal freely—impurities and crystal defects block Li+ ion diffusion
thus reducing the discharge capacity (Figure 7.1). Reducing the particle size of the LFP
crystal reduces the diffusion length and is the prime physical operation that has successfully
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Table 7.1 Comparison of cathodes materials for lithium-ion batteries (C is the theoreti-
cal capacity, CV is the theoretical volumetric capacity, U = operating discharge voltage,
κ =intrinsic electronic conductivity.)
Material Advantages Disadvantages
C = 274 mA h g−1 Cost and Co scarcity
CV = 1363 mA h cm−3 Thermal stability
LiCoO2 Self-discharge
Fast capacity fade at high
current rates or during deep
cycling (N.Nitta et al., 2015)
U=4.2 V Intrinsic cycling instability
Cycling performance
LiMn2O4 U = 4.1 V low κ, poor capacity
LiMnO2 U = 4.1 V
Cycle performance at high
temperature
LiMnPO4
U = 4.1 V,C =
170 mA h g−1 κ = 10
−10 S cm−1
capacity (Chen et al., 2016b)
C = 170 mA h g−1
Durability and stability




Wet media milling reduce the particle size to the nano-size. During milling, mechanical energy
induces the collapse between the media (a hard material, such as yittria-stabilized-zirconia),
and the particles in a liquid medium. Wet media mills generate heat, and promote high
energy collisions and even chemical reactions (Chen et al., 2016c). When reducing the size
of LFP, the strength of the particle and the tap density also increase (Wang and Sun, 2015),
which increases the difficulty to grind below 100 µm.
Carbon coating increases LFO conductivity. A carbon source can be mixed with the nano-size
LFP and later thermally treated, forming a carbon layer. Another approach is to mix LFP
precursor with a carbon source, and pyrolyze both. The precursors react to form LFP will
the carbon reacts on the surface creating a layer. Carbon coating improves the conductivity
by 5 to 8 orders of magnitude (Wang et al., 2014), and also protects the unstable nano-size
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Figure 7.1 Functioning of a Lithium-ion battery (Lee et al., 2014)
LFP from oxidization. The surface must be uniform but not too thick which would limit Li+
diffusion and reduce the volumetric density. The optimal carbon thickness ranges from 3 % to
10 % (Wang and Sun, 2012). The carbon layer produced from organic carbon sources are more
uniform than inorganic carbon but the quality is lower (Wang and Sun, 2015) (Table 7.2).
Raw material cost and availability are the main design process parameters. The application
of environmentally friendly materials ensures that the production of lithium batteries is a
green process (R. et al., 2016). Cellulose, lignin and glucose are not only abundant but also
inexpensive and renewable (Xuezhu et al., 2015; Dora et al., 1995; Hu et al., 2009). Cellulose
is the most abundant biopolymer on earth as it is the major component of plant cell walls.
It is an eco-friendly precursor to produce fibers, composites and bioethanol (Kumar et al.,
2018; Xing et al., 2018; Li and Ge, 2017). Every year the pulp and paper, textile and muni-
cipal solids waste industries produce billions of tons of cellulose and hemicellulose (Keijsers
et al., 2013; Mislin and Bachofen, 2013). Lignin is the second most abundant biopolymer
and also comes from the pulp and paper industry (Hu et al., 2018; Li et al., 2018c). Glucose
is a monosaccharide extracted from cellulose with many applications (Prakash et al., 2018)
including as a monomer to replace terephthalic acid for polyesters and as a carbon source to
coat LFP (Antonyraj et al., 2017; Hu et al., 2015; Liu and Cao, 2010; Liu et al., 2017).
Ultrasound (US) are sound-waves whose frequency is above the level that humans can per-
ceive and has many applications in industry, such as surface cleaning (Yusof et al., 2016),
wastewater purification by pathogen deactivation (Drakopoulou et al., 2009), deagglomera-
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Table 7.2 Battery performance and characteristics of C/LFP coated with various carbon
sources
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fluoride (Feng et al.,
2018)
Solvothermal method 74.2 35
Glucose(Kim et al.,
2011) Solvothermal method 98.0 35
Ascorbic acid (Chang
et al., 2014) hydrothermal method 47.28 277–354 4.79%
tion (Li et al., 2018a), homogenization, and ultrasonic imaging in medicine. US in liquids ge-
nerates cavitation bubbles that implode violently generating turbulence and increasing local
temperature and pressure. In sonochemistry, US accelerates chemical reactions and produces
nanomaterials (Gallego-Juárez and Graff, 2014) as it holds enough energy to increase the
chemical reactivity (Hostert et al., 2016). The amplitude influences the cavitation intensity
by determining the number of bubbles generated in a certain period of time. In some cases,
it monotonically increases with reaction speed (Feng et al., 2010; Raso et al., 1999) while
other times, a higher amplitude rate the time delay is too low to create bubbles (Mason and
Lorimer, 2002). High amplitudes generate too many bubbles that agglomerate (Prasad et al.,
2010). In some reactions, a low ultrasound amplitude assisted with a longer milling time im-
proves comminution (Braeutigam et al., 2014; Kunaver et al., 2012). Researches have shown
that 20 % of amplitude can create the most effective bubbles because it restrains the number
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of bubbles and the energy scatters more easily in the medium (Filgueiras et al., 2000). On the
other hand, an amplitude of 70 % boosts the reaction kinetics because it increases the tem-
perature and pressure, reducing reaction time (Ávila et al., 2007). Increasing the amplitude
improves the sonochemical effect, forming the cavitation bubbles at higher frequencies. Both
the co-precipitation (Liu and Cao, 2010) and spray pyrolysis methods (Yang et al., 2006)
apply US to synthesize LFP. But little research has been carried out applying sonication to
the wet media milling process. Particles agglomerate in the milling process, which reduces
the collisions and thus efficiency. Our previous work proved that ultrasound weakens these
agglomerates (Li et al., 2018a). Sonication may also assist LFP synthesis when grinding the
LFP precursors.
In this study, we tested the hypothesis that ultrasound treatment improves the milling pro-
cess and yield a better quality LFP while reducing milling time and achieving a better carbon
coating. By adding a surfactant as a dispersing agent, ultrasound enhances the milling effi-
ciency dramatically (Li et al., 2017b). A carbon source is added to the slurry too, which after
drying and calcination, forms the carbon coated LFP (C/LFP) (Li et al., 2017b).
7.3 Methodology
7.3.1 Ultrasounic micronization
We synthesized LFP-C with a US assisted wet media mill of the LFP precursors, followed by
calcination and synthesis. We studied three factors for the wet media mill with a NETZSCH
Minifer wet media mill : carbon source, milling time and ultrasound treatment (or sonication),
each factor with three levels, based on a Box-Behnken 3(3-1) partial factor design.
(Table 7.3). We adapted the micronizer and fit a US probe inside the filter (Figure 7.2). US
at this point clears the filter of agglomerates through cavitation. Yttria-stabilized zirconia
(YSZ) (120 ml) was the grinding media and it ranged from 300 µm to 425 µm, (yellow dots
on Figure 7.2), corresponding to 60 % of the chamber’s volume.
We first added 292 ml of distilled water to the micronizer, which was operating at 50 Hz. We
added iron oxalate (FeC2O4∗ 2 H2O), lithium dihydrogen phosphate (LiH2PO4) and lithium
hydroxide (LiOH) to the mixing tank at a ratio of 1 :1 :0.03 mol, respectively. We also added
the surfactant Tween-20 in a mass ratio of 0.008 :1, with respect to iron oxalate, to increase
the milling efficiency (Li et al., 2017b). Based on the partial experimental design, glucose,
lignin or cellulose was added to the mixing tank in a ratio that corresponds to 7 % carbon in
LFP to be synthesized (10 % lignin, 15 % glucose and 14 % cellulose with respect to LFP).
Micronizing was carried out for 3, 6 and 9 hours, testing also the effect of low ultrasound
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1 3 Low Cellulose
2 3 No Lignin
3 3 High Glucose
4 6 Low Lignin
5 6 No Glucose
6 6 High Cellulose
7 9 Low Glucose
8 9 No Cellulose
9 9 High Lignin
10 0 No Glucose
(20 %), high ultrasound (70 %) and no ultrasound during milling. The ultrasound controller
was a Sonics Vibra Cell VCX500, 500 W, we activated it once the micronizer was running.
Following the 3(3-1) partial experimental design (Table 7.3), we conducted 9 experiments.
We also added an experiment with no milling, no ultrasound and glucose as a comparison
(test 10 in the Table 7.3). During milling, we measured particle size distribution (PSD) by a
laser diffraction (LDA) Horiba LA-950, based on the Mie algorithm.






whereNi is the number of particles with the corresponding diameter di. Refractive index (RI)
is necessary for the Mie theory. We assumed all the particles are spherical (Gelinas and Vidal,
2010), the RI of the LFP precursor was set at 1.31 and 0.2 for the imaginary part. For each
sample, we extracted from the outlet pipe of the ultrasound probe set (Figure 7.2), then we
immediately added it to the sample bath of the Horiba LA-950. We set the circulation speed
at level 3 and agitation speed at level 3 (no ultrasonication). Since the dispersed phase was
water, we set the RI at 1.3333 and 0 for the real and imaginary terms, respectively. During
the milling, we measured the PSD every 10 minutes initially, and later every approximately
half an hour when the PSD changed less with time.
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Figure 7.2 The redesigned micronizer. The ultrasound probe was placed at the outlet of the
grinding chamber, inside the filter. The Sketch of Minifer shows how the wet media mill looks
like (NETZSCH - Feinmahltechnik GmbH). The 3D image shows how the connection designed
to fit the ultrasound prove into the micronizer. The ultrasound probe tip is suspended inside
the filter without any direct contact.
7.3.2 Spray drying
A Yamato GB-22 laboratory-scale spary dryer dried all samples (Rigamonti et al., 2018).
During spray drying, the slurry enters into an atomizer nozzle with hot air fed counter-current.
A magnetic stirrer kept the slurry homogenized while a pump fed it towards the nozzle,
atomizing it into the 0.58 m tall glass chamber. Small drops form at the tip as the solvent
evaporates. The dried particles fall into a cyclone where they collect in a small hopper. The
inlet temperature was set to 270 ◦C, outlet of 110 ◦C, drying air was injected at 0.42 m3 min−1.
The efficiency of the drying ranged from 48 % to 55 % of the total solids contained on the
slurry. The final product was a fine powder of LFP precursor coated in carbon.
7.3.3 Calcination : carbon coating and LFP synthesis
We loaded 4 boat-shaped crucibles in a cylinder furnace. The reactor was sealed with a gas
flow rate of 20 mL min−1 of purified Ar/H2 (vol. 95 :5). The crucibles close to the outlets were
loaded with graphite powder for protection. We charged the other crucibles with samples.
The furnace reactor operated at 700 ◦C and maintained at this temperature for 8 h after
which the furnace cooled to ambient temperature. The calcination process produced LFP












Figure 7.3 Spray dryer set-up
7.3.4 Characterization
We analysed the C/LFP by X-ray diffraction (Philips X’PERT). The XRD spectra were
generated with a monochromatic Cu-kα beam, an X-ray diffractometer λ = 0.154 06 nm,
at 50 kV and 40 mA. We performed the gonio analysis from 15◦ to 70◦, at a speed of 0.03◦
s−1. We analysed the result based on ICDD database and the Rietveld refinement (X’PERT
highscore) gave a semi-quantitative characterization for the phases’ weight composition.
A CHN analyzer (LECO CS744) quantified carbon concentration. An internal balance mea-
sured the sample weight loss while heating to 1000 ◦C in an air. A CO trap converted the
remaining carbon monoxide to CO2. The morphology of the carbon coating on the particles
was confirmed by FE-TEM (JEM2100F, JEOL Co.) at a 30,000 magnification.
A Quantachrome Autosorb-1 instrument for N2 physisorption measured the adsorption and
desorption isotherms at 77 K, after degassing the sample under vacuum at 350 ◦C for 5 h(Orr
and Dallavalle, 1959). The Brunauer-Emmett-Teller theory (BET) regressed the specific sur-
face area (SSA, adsorption branch, P/P0 0.05-0.25, C constant 100–250). The Barrett-
Joyner-Hallender theory (BJH) gave the mesopore size distribution during adsorption (P/P0
0.15-0.995). We evaluated the total pore volume at the maximum filling pressure (P/P0
0.995), this approach adds the volume for all pores with a diameter smaller than 300 nm.
To examine the electrochemical performance of the synthesized active materials, we prepared
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a C/LFP electrode by mixing the active material (carbon coated LiFePO4), with carbon
black C65 as a conductive additive, and polyvinylidene fluoride (PVDF) at a weight ratio
of 84 :9 :7 in N-methyl-2-pyrrolidone (NMP) solvent to achieve uniform slurry. We spread
the slurry onto an aluminium foil current collector with the doctor blade technique. The
electrode dried in a vacuum oven at 70 ◦C overnight. Disk-shaped electrodes with a loading
of 2.5(5) mg cm−2 were cut and assembled in coin cells (2032) in an Ar-filled glove box. A
lithium metal foil was used as the negative electrode, C/LFP as the positive one, Celgard
2400 as the separator, and 1 M LiPF6 in ethylene carbonate-dimethyl carbonate (weight ratio
of 1 :2) solvent as the electrolyte. The electrochemical tests were performed on the cells at
30 ◦C on a Arbin BT2000 electrochemical station with cut-off voltages of 2.2 V and 4.0 V vs.
Li/Li+ at 0.1 C rate for galvanostatic cycling. We assembled 3 cells for each material and at
a capacity variation less than (1 mA h g−1).
7.4 Results and discussion
7.4.1 PSD
The force of collisions between particles drops as particles comminute and their strength
increase. The particle strength, σ, is the quotient of the breakage force, F , and the particle





The particle size characterization corresponds to undissolved solid particles in the slurry. To
identify the change of PSD with time, we withdrew samples from the outlet of the wet media
mill every 10 min (Li et al., 2017b). Test 9 has a distribution bimodal during the first hour
then became unimodal with time (Figure 7.4). The particles initially fraction producing a
couple of large particles and many small particles, thus producing a bimodal distribution. As
the particle size comminute, the distribution becomes unimodal.
We characterized the particle size by varying the milling time at 3, 6 and 9 h (Figure 7.5.
Then we regressed the data with a population balance model (PBM). The mass balance









bij = 1 (7.3)
N ≥ i ≥ j ≥ 1 with Di(0) = Di0,
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Figure 7.4 3-D plot of PSD versus milling time. The response surface shows how the PSD
varies with milling time. Form the projection (above), the PSD varies most during the first
hour.
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Figure 7.5 The data and regression model of particle size reduction versus time. (a) shows
the case for 3 h milling. Dots represent the D4,3 measures by LDA and the curves illustrate
the fitting. Comparing these three curves, the PSD drops faster at 70 % amplitude than 20 %
(or 0). But all end at 0.2 µm
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where, N is the number of size-classes, i and j are the size-class indexes up to N ; Di(t)
is the fraction of the particles in class i and bi,j represents the fraction of the particles
distributed to each of the lower classes. The selection function, Si, means the fraction of
the particles in class i that fragment. The breakage function, bi,j , means the fraction of the
particles distributed to each of the lower classes. We applied the first order grinding kinetics
and neglect the breakage function. If we assumed all the size-classes have the same selection
function, and ultrasound as the additional impact only affects the selection function, then
we express the PBM model as :
D4,3 = aebt+u + c (7.4)
where c represents particle size limit when the milling time tends to infinity (under specific
conditions of ultrasound amplitude and carbon source), aandb are the parameters for a
specific function and u is the amplitude of ultrasound. The media mill was capable to reduce
theD4,3 to less than 200 nm. US accelerates the particle size reduction (Li et al., 2018a), and
since the amplitude of US balances the thermal effect and cavitation effect exponentially, it
should be an item for the select function, u in this case, where u = 0, 0.2 and 0.7. The
analysis on the parameter a shows that the longer time milling, the smaller it becomes. The
longer time in the mill, the steeper is the curve. PSD when milling with cellulose tend to have
smaller c than with lignin and glucose always has the largest c. Lignin and cellulose polymers
have long molecular chains so restrict particle agglomeration during the milling. Glucose
dissolves in the solution completely so haslittle cushioning. Therefore, milling with cellulose
and lignin tends to generate finer particle. Moreover, compared with the figure. 7.5(a),(b)
and (c), the particle size remains constant after 150 min, at 0.2 µm.
7.4.2 XRD
After milling, we calcined the LFP precursors and generated C/LFP composite material.
XRD on the calcined samples detected the presence of impurities. Compared with the re-
ference JCPDS No.40-1499, most components of all samples is LFP. We highlighted the
impurities in Figure 7.6, with vertical colored lines. The peak of FeP4 is 19.5◦(brown area).
Samples 4, 5, 6, 7, 9 and 10 have small shoulders around 19.5◦, implying that they contain
FeP4. Li3PO4 can be easily distinguished (green vertical areas on figure 7.6). The plane (1
2 0) of LFP has a high peak placed at 22.2◦ with theoretically 26 % intensity. It is located
just between the twin identical peaks of Li3PO4 (two first green vertical areas). Therefore if
there are triple peaks between 22◦ and 23◦ or two relatively similar strength of noise around
the LFP mean peak (around 22.2◦), we can identify Li3PO4 in the sample. In this test, the
tests 1, 2, 3, 7 and 10 contain little Li3PO4. Fe has a negative influence on the battery per-
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formance. Based on the reference no. 06-0696, Fe has only one peak in the 2θ range from 10◦
to 65◦ (blue vertical area). Unfortunately, it also overlaps with LFP Phases (2 3 1) and (1 2
2) at 44.5◦. But we still can differentiate it because the intensity of two LFP phases are only
4 % and 5 %, respectively, which is much weaker than Fe. Thus, samples 1, 2, 7, 8 and 10
contain Fe. We kept the process exactly same, the impurity is most likely produced during
wet media mill process. Li3PO4, FeP4 and Fe are the over-reduction products of LFP. Ideally,
the LFP crystal embeds the amorphous carbon layer. The carbon layer could protect LFP
from over-reduction. However, if the LFP precursor is poorly dispersed, or the carbon layer
is non-uniform, a new LFP phase formed during calcination in H2, like Li3PO4 and FeP4, or
even Fe.











% nm m2 g−1 cc/g mA h g−1
1 2.8 78 31 0.13 75
2 2.4 84 21 0.09 79
3 2.2 46 24 0.23 115
4 3.7 47 36 0.14 77
5 4.0 35 32 0.15 106
6 3.5 36 24 0.09 130
7 4.3 29 51 0.29 63
8 3.2 31 32 0.10 125
9 3.6 26 31 0.14 138
10 2.8 108 24 0.15 72





where D is the crystal lattice size, K is the shape factor (0.89), λ is the wavelength of
X-ray, β is the average full width of (2 2 2), (4 4 0) and (3 1 1) peaks, and θ is the Bragg
angle. Looking into those three peaks of the LFP, eliminating the background and noise we
calculate the crystal size based on the β of the peak. We observed that milling decreases the
crystal size considerably (Tab.7.4). Comparing with the um-milled test (test 10) which has a
crystal size at 107 nm, then going to 68 nm after 3 h, 40 nm after 6 h, and 29 nm after 9 h of
milling. Regarding the effect on crystal size, no US and low amplitude US gave respectively
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Li3PO4 FeFeP4
Figure 7.6 XRD diffractograms for all samples. The histogram patterns illustrate the LFP.
The mean component of all the samples is LFP, however, some contain impurities. The
brown vertical area highlights the FeP4 peak, the green areas mark the Li3PO4, and blue
area corresponds to Fe peak.
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average crystal sizes of 49 nm and 51 nm, while the average crystal size with high amplitude
US milling was 36 nm. Interestingly, especially for the 3 h milling tests, the crystal size when
milling with high amplitude US was nearly half the size compared to milling with zero and
low amplitude. Crystal size was independent of carbon source and averaged 51 nm for lignin
and glucose, and 48 nm for cellulose. This is coherent with expectation, as the carbon source
remains at the LFP surface, and thus, has no impact on LFP crystal size. Lastly, the signal
of the amorphous carbon is indistinguishable on the XRD diffractogram.
7.4.3 TEM
The 9 hours milling produces smaller crystal size consistent with XRD (Figure 7.7). The
particles for experiments after 3 h milling are polygon-like while they are spindle like at 9 h.
The change in shape supports the change in milling mechanism from fracturing to abrasion
as fracturing cleaves particles into polygons, while abrasion wears protruding edges and the
ends.
The morphological structure also depends on carbon source. Taking samples 7, 8 and 9, all
LFP particles are covered by a 2 nm to 4 nm thick carbon layer, which was confirmed by EDS.
The TEM images of test 7 appear more dense and less porous than 8 and 9, which agrees
with BJH measurements. The LFP particles appear more embed in the amorphous carbon
in samples 8 and 9. The carbonized cellulose in samples 2, 4 and 9 appears more fluffy the
the lignin samples 1, 6 and 8.
7.4.4 BET
Porosity influences battery performance by increasing the penetration of the electrolyte on
the LFP. The BET results show that all powder samples follow a Type IV (a) isotherm,
which corresponds to a mesoporous material (Figure 7.8) (Thommes et al., 2015).
The initial monolayer-multilayer adsorption on the mesopore walls corresponds to a Type
II isotherm (P/P0 0.05-0.5), followed by pore condensation and incomplete pore filling (as
the adsorption seems to increase without a limit) (Khan et al., 2018). This phenomenon is
common for spray dried materials because of the interparticle void fraction, measurable by
mercury porosimetry, which ranges in pore size between 0.3 µm to 2 µm (Rigamonti et al.,
2018). The carbon precursor forces the material to aggregate in two ways : glucose in the
presence of US creates a type H3 hysteresis loop : non-rigid aggregates of plate-like particles
in a network of heterogeneous pore size distribution including macropores (tests 3, 7 and 10) ;
while in the absence of US, it creates a Type H2(b) hysteresis (test 5). Lignin and cellulose
108
Figure 7.7 TEM images. According to Table 7.3), the 3 h milling (samples 1, 2, 3) generated
polygons with a grain size of 100 nm. The grain size after 9 h milling (samples 7, 8, 9) was
20 nm and the shape was spindle like.
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Figure 7.8 Type IV(a) isotherms, glucose with US arranges the material in plate-like particles
(tests 3 and 7) while cellulose and lignin create a spindl network (tests 4 to 9).
create a type H2(b) hysteresis : pores are organized in a spindle type network with a broad
size distribution of neck diameters that induce pore blocking during desorption (tests 4 to 6,
8 and 9). All hysteresis loops close at the cavitation-induced pressure of P/P0 = 0.45 and
are larger compared to spray drying melt-synthesized LFP nanoparticles, indicating larger
interconnectivity between the pores and a more ordered material (Kaldenhoven and Hill,
2018). This suggests easier Li+ diffusion during intercalation and de-intercalation. On the
other hand, milling for 3 h, or less, results in small hysteresis loops, incomplete precursor
conversion and less pore-interconnectivity (tests 1, 2, 3 and 10) (Figure 7.9).
The BJH pore volume size distribution dV (d) can be divided into two regions : from a
reference material, LFP has two sharp peaks around 2 nm to 3 nm and 4 nm to 5 nm, and
one broad between 5 nm to 200 nm. The first two peaks belong to a morphological LFP’s
property and the milling conditions. The broad one represents the spray drying conditions
and is a function of the drying temperature (Rigamonti et al., 2018). We maintained the same
spray drying conditions for all experiments, while by introducing US milling and changing
the carbon precursor, we induced a morphological modification in the meso- and macropore
region (Figure 7.10).
Milling precursor for 9 h with glucose and low US amplitude, yields mainly LFP with Fe na-
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Figure 7.9 Despite a 20 % amplitude, milling for 3 h is insufficient to achieve a good material
disperion (test 1 - red). While using 70 % US amplitude helps reduce the milling time from
9 h to 6 h (test 8 and 6 - blue and green).
(51 m2 g−1 vs. 28 m2 g−1, Table BET) because of the presence of the Fe nanocrystals, this
leads to a poor EC capacity in the coin-cell battery (60 mA h g−1). Also the dV (d) deviates
from the LFP reference pattern in both regions. Reducing the milling time to 3 h while in-
creasing the amplitude (test 3 - red) prevents the previous phenomena, yielding LFP (from
XRD). However the dV (d) shows multiple peaks in the narrow mesopore region, deviating
from the reference pattern. This indicates a different agglomeration mechanism or the pre-
sence of impurities, at levels undetectable on XRD, altering the LFP crystal morphology.
Removing US requires twice as much time (test 5 - black), it yields again LFP (XRD) but
the first peak on the BJH plot is broad. Milling the precursors with cellulose requires 6 h and
high amplitude (test 6 - green), but forms pure LFP and also the dV (d) peaks are sharp
and correspond to the reference material. This powder had the highest EC capacity and the
lowest pore volume (0.09 cm3 g−1), suitable for storing high energy-volume densities.
A contour plot defines how US amplitude and milling time impact the porosity of the material
(Figure 7.11) : 3 h milling without US creates a small pore volume, but the material is not
completely synthesized into LFP and contains impurities : Li3PO4 and Fe, by XRD. The
plot neglects test 7, as the synthesis forms Fe nanoparticles, that lower the EC capacity to
63 mA h g−1 and increases the porosity and specific surface area of the material (0.29 cm3 g−1
and 51 m2 g−1). Milling from 6 h to 9 h, with 70 % US amplitude contributes to reducing the
pore volume below 0.14 cm3 g−1, and yields pure LFP material with high EC capacity for our
set of experiments (130 mA h g−1). Cellulose enhances positively EC capacity even in absence
of US but requires 9 h operation (125 mA h g−1). On the other hand, lignin exceeds the other
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Figure 7.10 Pore size distribution : when the material has two sharp peaks around 2 nm and
4 nm, it exhibits higher EC performances (t6 - green).
carbon precursor, but only with 9 h milling and 70 % amplitude, yielding an EC capacity of
138 mA h g−1.
7.4.5 Battery test
We took discharge capacity as the dependent variable, then did a statistical analysis for the
Box-Behnken design. At a confidence interval of 95 %, the design confirms that US amplitude
is a significant factor for discharge capacity. Pareto Chart of Standardized Effects informs if
the factor contribute most on the dependent variable, and the higher amplitude the better.
The next important factor is milling time, while carbon is the least significant. We examined
the interaction between the milling time and US amplitude by contour plot (figure7.13). The
optimal high discharge capacity will be reached when the US amplitude and milling time
operate at the highest level, and the response surface is roughly flat, implying that the US
amplitude precedes the milling time. Then we neglected the sui generis point of test 7, the
statistic model of tests is (eq : 7.6). Here, y represents the discharge capacity, X1,X2,X3
mean the factor milling time, ultrasound amplitude and carbon source, respectively. Since
X3 is discrete element, we neglected its interaction with X1 and X2. The residuals of this
model less than 0.1.
y = 106 + 34X1 − 2X12 + 40X2 − 4X22 − 12X3 + 7X32 + 0.5X1X2 (7.6)
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Figure 7.11 Pore volume contour plot : milling for prolonged time under intense US leads to
highly dense pure LFP powder.
Obviously, US-assisted wet media milling produces LFP with a higher discharge capacity
because US affects both cellulose and LFP (Figure 7.12). On one hand, high amplitude
US destroys the secondary structure of cellulose. The physical collision characteristic by
wet media milling loosens the cellulose, dispersing it with the solution and LFP precursors.
On the other hand, ultrasound also breaks solid agglomerates. Sub-micron and nano size
particle clusters are stable. Since the water does not wet all the surface of the particles,
the hydraulic surface tension of the secondary particle nucleates, leaving the air pockets
in the inter-particle space, which even wet media milling cannot interfere. As the milling
goes on, the impacts break air-solid capsules but they reform instantly, which stabilizes the
PSD. However, ultrasound in the milling chamber releases the air pockets due to bubble
cavitation. The explosion of tiny bubbles generated by ultrasound creates ultra-high local
pressure, releases the trapped air and exposes the particle to the solution, thus, the crystal
size gets smaller. It correlates with the XRD data. Since the LDA measure the size of the
capsule, the measurements by LDA levels off after 3 h milling. As the milling goes on, the
mechanism of milling switch from fracture to abrasion, creating spindle shape particles. The
high physical impacts generated on the mixture of cellulose and spherical LFP precursors,
embeds the crystal into the cellulose network, forming an ’apple tree’ shaped material. After
spray-drying and sintering, the cellulose carbonizes to a 2 nm thin conductive layer coated








Figure 7.12 The mechanism of ultrasound assisted mechanochemistry.
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Figure 7.13 The response surface for the contour plot. Level 1 reflects the milling time for
9 h, US amplitude of 70 %. It illustrates the optimization of capacity will achieve when the
milling time and the ultrasound amplitude goes higher.
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7.5 Conclusions
We synthesized carbon coated LFP via US assisted wet media milling with the LFP precursors
FeC2O4, H2PO
–
4 , and LiOH, plus a carbon source. Milling was followed by a calcination step
that synthesized the LFP and coated it by carbonizning the carbon source. We studied the
effect of carbon source (glucose, lignin or cellulose), milling time (3, 6 and 9 h) and ultrasound
(0 %, 20 % and 70 %) following a Behnken experimental design. The optimal conditions were
70 % US amplitude (major factor), 9 h milling (minor factor) and cellulose as a carbon source,
yielding an EC capacity of (138 mA h g−1).
As the precursor FeC2O4 does not dissolve in water, during milling, the particles of FeC2O4
disperse evenly in the Li+ and H2PO
–
4 environment, and the particle size drops to the nano-
size. Ultrasound assisted wet media milling unfolds the polymer of the carbon source, the
nanosized precursors then attach to the unfolded polymer chain creating a wall between
the crystals, and thus preventing two or more crystals from sintering during calcination. US
promotes this function by the cavitation of tiny bubbles and thermal effects. Thus, after
ultrasound assisted wet media milling, we obtain a slurry of nanosized FeC2O4 attached to
the unfolded carbon source (primary particle). Then, spray drying creates spherical secondary
particles by rolling the precursors together. After calcination, the nanoparticles will be coated
by a more homogeneous 2 nm to 3 nm carbon layer (TEM images). That homogeneity is
reached by the combined effect of US and wet media milling. Under these conditions, all the
carbon sources form a thin carbon layer on the crystal but cellulose and lignin generate a
carbon skeleton in the inter-crystal space, leaving more space between particles. These fluffy
carbon structure helps the electrolyte to pass through, the high Li-ion dispersion increases
the discharge capacity correspondingly.
When milling with US, the particle size reduction is accelerated until 6 h milling, with a
higher effect when milling with 70 % amplitude. After 6 h, the particle size remains constant,
but the crystal size continues dropping. Hence, US achieves smaller crystal sizes. According
to BET results, 70 % US amplitude generates a lower surface area after calcination (between
24 m2 g−1 and 31 m2 g−1) compared to 20 %(between 31 m2 g−1 and 43 m2 g−1), this can be
explained as the smaller the primary particle and the smoother secondary particle. Milling for
9 h and 70 % amplitude contributes to the reduction of the pore volume below 0.14 cm3 g−1
on the final C/LFP, making a more dense powder with superior EC capacity among our test
conditions (138 mA h g−1). Glucose creates cylinder-like shape pore while lignin and cellulose
make a cone shape.
Although wet media mill provides strong mechanical collisions, its main defects are : high
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quantity of energy is allocated to de-agglomerating rather than breaking particles ; it has little
effect on polymers ; does not disperse the polymer by itself, requiring an external dispersion
source, such as US ; the milling just affects the surface. Ultrasound is “gentler” and its impacts
are deeper in the particle, affecting the crystal structure as well.
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CHAPTER 8 GENERAL DISCUSSION
Since the greenhouse gas issue and the insufficient fossil fuel issue people are facing in the
21st century, All the car on the road will be replaced by the electric vehicle in a few years. By
2025, there will be more than 100 million EV on the roads(Agency, 2017). The high demand
for EV stimulates the LIB manufacturing industry. In classical battery manufacture, cathode
material always takes up 20 % to 25 % of the total cost. Due to the increasing size of the
global EV market, LFP, as the most popular commercial cathode material of LIB faces fierce
price competition around the world. How to produce inexpensive LFP attracts great interest
among both universities and industries. Melting-casting as a novel approach to synthesize
the LFP has the potential ability to reduce cost by 4 to 5 fold(Gauthier et al., 1997, 2001).
The principle of this method is to melt LFP precursor at 1200 ◦C. Then LFP is produced
in the crucible as the liquid phase. This method has the advantages of reducing impurities
significantly and being accessible to scale-up. However, the main shortcoming of the melting-
casting method is the complicated downstream process ; the large ingot must be ground to
a critical size and coated by carbon to become a qualified cathode material. Particle size
reduction is then necessary. To maintain these cost advantages, we require efficient milling
processes. We processed the LFP by jaw crusher, roller mill and agitated mill sequentially
(Fig.8.1). Specifically, A Jaw crusher (Fritsch Jaw Crusher PULVERISETTE 1 classic line)
was used to pulverize the ingot. In term of mechanisms for the jaw crusher, it output particle
size range from 4 mm to 1 mm. It was then followed by roller mill (Gran-U-Lizer IMD 600)
which ground the particle to size under 50 µm, before reaching the limitations of dry milling.
We applied wet media mill to grind the particle down to nano size. Among all the milling
process, wet media mill is the most critical process.
This PhD project aims to optimize the wet media mill process for LFP particle size reduction.
And at the same time to seek all the possibility to reduce the LFP manufacture cost. However,
concerning the LFP as a cathode material, it has several special requirements.
1. We commercialize the Lithium ion battery on electric vehicle. This means the optimi-
zation of the operation is the primary objective.
— To achieve a high capacity battery, we need to maximize the throughput and
minimize the energy cost during the grinding process. The throughput strongly
depends on the milling time, and the energy relates to the engine power and the
effective stress.
2. The battery discharge capacity is related to particle size distribution.
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Figure 8.1 Equipment sketch (a) Jaw crusher, (b) rolling grinder, (c) Agitated mill(Hamey.,
2008)
3. To achieve the best battery performance, The target size of LFP is range from 100 nm
to 200 nm(MacNeil et al., 2010). .
— To keep repeatability of experiment, the PSD span should be considered(eq. 8.1
). The higher span means the sample contains a broader range of particle size. To





4. Particle size changes every second in the milling process, how to quantify the PSD
requires a standard approach.
— To compare the performance of all tests at an equivalent quality level, we interpo-
lated the Dp10 ,Dp50, Dp90in the PSD.






where Ni is the number of particles with the corresponding diameter di.
5. To scale up the milling process, we need to set up arithmetic modelling. Population
balance method is a popular model for the breakage of particles. To have a higher
accuracy model, we take reasonably impact factor into consideration.
6. To improve the efficiency of grinding, the milling machine should be capable of pro-
cessing the slurry with high concentration.
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— Thus, a distinguished grinding agent should be developed, and the concentration
of surfactant also need to be optimized.
— Some evidence shows that the ultrasound deagglomerates the slurry ; it has the
potential to increase the solids loading of wet media mill.
In the first part of the project we described the particle size measurement. Particle size is
the core parameter for the milling process. The techniques to measure particle size include
physical classification, such as sieving, sedimentation, etc. Spectroscopic techniques, such as
optical and electron microscope, are also widely used in the PSD measurement. LDA is an
instantaneous, convenient and inexpensive measuring tool. It detects the laser scattering angle
and intensity of light after the light interacts with powder dispersion. Based on Mie theory,
the bigger particle, the smaller scattering angle and the stronger intensity. However, LDA
assumes all the particles are spherical. And the 95 % confidence interval of five measurements
on irregularly shaped polyhedrons was ±2.5 %. With an accurately defined reflective index,
we increased the precision of LFP particle size measurement.
In term of wet media mill, there are many parameters. To optimize the process, we selected
the impact factors by partial-factor experimental design, (such as Taguchi method, Plackett-
Burrman design, central composite design, min aberration designs and so on) to minimize the
experiment quantity. After a group of tests, we optimized conditions of the media mill were :
LFP loading 0.30 g g−1, yttria-stabilized zirconia media (YSZ) size 0.3 mm, surfactant-to-LFP
mass ratio 0.008 g g−1, and a mill rotation rate 60 Hz. Under these conditions, the effective
grinding energy was 0.32 kWh/kgLFP and the specific throughput was 0.40 kgLFP/kgmedia/h.
Statistical analysis showed the media mill rotation rate is the most significant factor affec-
ting throughput. The specific energy depends on rotation rate and the motor type. The PBM
model assisted us to characterize the PSD data. Considering the agglomeration effect and
cushion effect( Powder tends to attrit when it subjected to mechanical stress.) Our model des-
cribed the PSD varying with time, based solely on the breakage function and select function.
It is available to apply to other materials and even on a larger scale. And we also generated
the regression model of throughput and energy consumption. These models benefited our
following work.
However, we seem to meet the bottleneck of the throughput. Because the high throughput
requires higher solid loading. The LFP is insoluble in water, so how to disperse LFP particle
became an issue. Since ultrasound has been widely applied on the dispersion and deagglome-
ration. We designed an ultrasound-assisted wet media mill device. In our preliminary study,
we optimized LFP loading, impellor rotation rate, media size and surfactant -to-LFP mass
ratio as the operating parameters on wet milling performance. Among these factors, the solid
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loading has few interactions with the others. So we set them at the optimum and varied
the solid loading in the new device. The milled reduced the particle size of 400 g of LFP
from a d50 of 35 µm to below 200 nm with less than 300 mL of water in 105 min. The energy
input from the ultrasonic horn was 350 W h. Compare the wet media mill device, this can be
neglected in the industry-scale. Ultrasound deagglomerates these clusters, thereby increasing
the media-LFP contact and milling rate. We also applied this device on VPP catalyst and
WO3/TiO2 catalyst. The particle size reduced 50 % faster than conventional milling.
Ultrasound-assisted wet media mill has shown to be a great advantage on the milling process.
It doubles the throughput, compares with the conventional wet media mill and costs are cut
in half. Then we considered if it was possible to synthesis LFP cathode material by this
device. LFP has a well-known defect in its low electronic conductivity. Carbon coating can
dramatically improve its conductivity. But if the carbon source doesn’t disperse with the
particles very well, it will produce a non-uniform conductive carbon layer after sintering.
Ultrasound-assisted wet media milling increases carbon dispersion and reduces the particle
size concurrently. The carbon sources we used (cellulose and lignin) have a complex structure
and big particle size. To disperse it with LFP precursor, we redesigned the set-up by locating
the ultrasound horn in the filter. We performed the experiments following Box-Behnken
design. We varied milling time from 3 h to 9 h, tested glucose, lignin and cellulose as carbon
sources, and treated with different amplitudes of ultrasound (0 % to 70 %). The particle size
of the eLFP precursors was reduced to 200 nm. Then we spray dried and calcined at 700 ◦C
for 8 h to synthesize carbon coated-nanosized LFP (C/LFP). The optimization condition of
ultrasound-assisted wet media mill was 70 %ultrasound amplitude, 9 h milling and cellulose
as the carbon source. LDA characterized the particle size, it shows the PSD leveling off after
3 hour mill. But XRD results implied the crystal size drop from 107 nm at 0 h mill, then
to 68 nm at 3 h, 40 nm at 6 h and end up with 29 nm at 9 h. Calcined with cellulose, LFP
particles formed a bottle-neck network. The longer milling time and higher amplitude of
ultrasound generated a smoother particles surface. TEM shows the optimal result— the LFP




The primary objective of this work was to develop an effective wet media milling process on
LFP. Before we started, we reviewed all the particle size measurements. The LDA is a user-
friendly, convenient and nearly instantaneous method. Given its high precision and reliable
results, we chose it to characterize the LFP particle size. The Mie theory is the mechanism of
LDA. It describes the interaction between the light and opaque solids. However, it requires
a refractive index, and it also assumes that all particles are spherical which introduces error,
and will tend to overestimate the particle size.
Our first target was to choose the impact factors for the wet media mill process, and optimize
the operating conditions. We optimized the LFP loading, media size, surfactant concentra-
tion, and rotation rate statistically to achieve the effective grinding energy at 0.32 kWh/kgLFP
and the specific throughput at 0.40 kgLFP/kgmedia/h. The optimized conditions of the me-
dia mill were : LFP loading 0.30 g g−1, yttria-stabilized zirconia media (YSZ) size 0.3 mm,
surfactant-to-LFP mass ratio 0.008 g g−1, and a mill rotation rate of 60 Hz. We regressed the
energy and throughput model. Furthermore, we studied the rotation rate affecting the PSD.
PBM model helped us to simulate the PSD versus time versus rotation rate. These models
benefited our following work.
To improve throughput further, we combined the ultrasound with wet media mill. We de-
signed an ultrasound-assisted wet media mill device. We processed suspensions of LiFePO4
(LFP) with a media size from 0.3 mm to 0.4 mm, and surfactant-to-LFP mass ratio 0.008.
The combined method ground the particle size from 35 µm down to 0.2 µm in 90 min with
a throughput of 0.68 kgLFP/kgmedia/h. With this set-up, we doubled the throughput, and
generated a high concentration slurry(60% LFP loading). This device also accelerated the
milling by 50% on the other materials. A simplified PBM model supported our estimation.
The last part of the project focused on applying the novel ultrasound-assisted wet media
mill set-up on the LFP synthesis. We optimized milling condition by varying carbon sources,
ultrasound amplitude and processing time. We generated the discharge capacity by 9 h,
70 % amplitude ultrasound-assisted mill with cellulose. Ultrasonication contributes to the
reduction of the pore volume below 0.14 cm3 g−1 on the final spray dried material, making
a denser powder with superior EC capacity among our test conditions (138 mA h g−1) LDA
monitored the particle size, the PSD levelled off after 3 hour of milling. But XRD results
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implied the crystal size drop from 107 nm to 29 nm after 9 h. Calcined with cellulose, the
LFP crystal covered with 3 nm homogeneous carbon layer, formed a bottle-neck network.
9.2 Limitation of the solution proposed
The design of ultrasound-assisted wet media mill still needs to be improved. Due to the high
vibration of the ultrasound probe, the connection between the ultrasound probe and wet
media mill leaks the slurry. It limits the ultrasound amplitude to not higher than 70 %.
9.3 Recommendations for the future research
In our previous work, we have revealed that the PSD generated by LDA is different from the
PSD by the optical microscope, or sieve. More work needs to be done on how to define the
irregular shaped particle’s size.
Even if we are capable of reducing the particle size to nanoscale by wet media milling, we
are still not entirely clear about the mechanism of the process. As we revealed during the
milling, PSD dropped very fast in the beginning then slowed down, and finally leveled off
at a certain number. To explain this, Cho et al. proposed that the particle size becomes too
small to be ground, and also the crystal defects vanish in the tiny crystals (Cho et al., 2013).
We proposed a breakage model to explain this phenomenon(Figure. 9.1). In the ending stage
of wet media mill, the particle cluster acts like capsules—they keep generating and breaking,
keeping the cluster size stable. No matter which model, how to predict the final particle size
is an interesting topic.
In the ultrasound-assisted wet media mill, we observed that the crystal size when milling
with high amplitude ultrasound was nearly half the size of when grinding with zero and low
amplitudes. How the ultrasound affects the crystal size is still mysterious.
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Figure 9.1 A assuming model of wet media mill. In the final of milling, the real comminution
will be replaced by this model.
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